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The adverse health impacts of air pollution, both short-term and long-term, have 
been widely studied in recent years; however there are a number of uncertainties 
to consider when carrying out health impact assessments. Health effects 
attributable to exposure to air pollutants are typically estimated using measured or 
modelled pollutant concentrations which vary both temporally and spatially. The 
goal of this thesis is to perform health impact assessments using modelled pollutant 
concentrations for present-day and future. The specific aims are: (i) to study the 
influence of model horizontal resolution on simulated concentrations of ozone (O3) 
and particulate matter less than 2.5 μm in diameter (PM2.5) for Europe and the 
implications for health impact assessments associated with long-term exposure (ii) 
to model air pollutant concentrations during two air pollution episodes in July 2006 
together with the corresponding short-term health impact in the UK (iii) to estimate 
potential future health burdens associated with long-term pollutant exposure under 
future UK emission changes for 2050 in the UK.  
First, the impact of model horizontal resolution on simulated concentrations 
of O3 and PM2.5, and on the associated long-term health impacts over Europe is 
examined, using the HadGEM3–UKCA (UK Chemistry and Aerosol) chemistry–
climate model to simulate pollutant concentrations at a coarse (~140 km) and a 
finer (~50 km) horizontal resolution. The attributable fraction (AF) of total mortality 
due to long-term exposure to warm season daily maximum 8-hr running mean 
(MDA8) O3 and annual-mean PM2.5 concentrations is then estimated for each 
European country using pollutant concentrations simulated at each resolution. 
Results highlight seasonal variations in simulated O3 and PM2.5 differences between 
the two model resolutions in Europe. Simulated O3 concentrations averaged for 
Europe at the coarse resolution are higher in winter and spring (~10 and ~6 %, 
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respectively) but lower in summer and autumn (~-1 and ~-4 %, respectively) 
compared to the finer resolution results. These differences may be partly explained 
by differences in nitrogen dioxide (NO2) concentrations simulated at the two 
resolutions. Compared to O3, the opposite seasonality in simulated PM2.5 
differences between the two resolutions is found. In winter and spring, simulated 
PM2.5 concentrations are lower at the coarse compared to the finer resolution (~-8 
and ~-6 % averaged for Europe, respectively) but higher in summer and autumn 
(~29 and ~8 %, respectively). Differences in simulated PM2.5 levels are largely 
related to differences in convective rainfall and boundary layer height between the 
two resolutions for all seasons. These differences between the two resolutions 
exhibit clear spatial patterns for both pollutants that vary by season, and exert a 
strong influence on country to country variations in the estimated AF of mortality 
for the two resolutions. Results demonstrate that health impact assessments 
calculated using modelled pollutant concentrations, are sensitive to a change in 
model resolution with differences in AF of mortality between the countries ranging 
between ~-5% and ~+3%.  
Under climate change, the risk of extreme weather events, such as 
heatwaves, is likely to increase. Thus the UK health burden associated with short-
term exposure to MDA8 O3 and daily mean PM2.5 is  examined during two five-day 
air pollution episodes during a well-known heatwave period in July 2006 (1st - 5th 
July and 18th – 22nd July) using the UK Met Office air quality model (AQUM) at 12 
km horizontal resolution. Both episodes are found to be driven by anticyclonic 
conditions (mean sea-level pressures ~1020hPa over the UK) with light easterly and 
south easterly winds and high temperatures that aided pollution build up in the UK. 
The estimated total mortality burden associated with short-term exposure to O3 is 
similar during the each episode with about 70 daily deaths brought forward 
summed across the UK.  The estimated health burden associated with short-term 
exposure to daily mean PM2.5 concentrations differs between the first and second 
episode resulting in about 43 and 36 daily deaths brought forward, respectively. The 
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attributable fraction of all-cause (excluding external) mortality for both pollutants 
differs between UK regions and ranges between 1.6% to 5.2% depending on the 
pollution levels in each episode;  the overall total estimated health burdens are 
highest in regions with higher population totals. Results show that during these 
episodes, short-term exposure to MDA8 O3 and daily mean PM2.5 is between 36-
38% and 39-56% higher, respectively, than if the pollution levels represented typical 
seasonal-mean concentrations.  
Finally, emission scenarios for the UK following three Intergovernmental 
Panel on Climate Change (IPCC) Representative Concentration Pathways (RCPs); 
RCP2.6, RCP6.0 and RCP8.5 are used to simulate future concentrations of O3, NO2 
and PM2.5 for 2050 relative to 2000 using the AQUM air quality model at 12km 
resolution. The present-day and future AF of mortality associated with long-term 
exposure to annual mean MDA8 O3, NO2 and PM2.5 and the corresponding mortality 
burdens are estimated for each region in the UK. For all three RCPs, simulated 
annual mean MDA8 O3 concentrations in 2050 are estimated to increase compared 
to 2000, due to decreases in nitrogen oxides (NOx) emissions reducing titration of 
O3 by NO, and to increases in methane (CH4) levels across all of the UK. In contrast, 
annual mean NO2 concentrations decrease everywhere. This highlights that the 
whole of the UK is simulated to be in a NOx-saturated chemical environment. PM2.5 
concentrations decrease under all RCPs for the 2050s mostly driven by decreases in 
NOx and sulphur dioxide (SO2) emissions affecting secondary inorganic aerosols 
concentrations. For all pollutants the largest changes are estimated under RCP8.5 
while the smallest changes are estimated for RCP6.0 in 2050 as compared to 
present-day. Consequently, these two RCPs represent the high and low end of the 
AF and mortality burden difference range relative to present-day for all three 
pollutants. For all UK regions and all three RCPs, the AF of mortality associated with 
long-term exposure to O3 is estimated to increase in 2050 while the AF associated 
with long-term exposure to NO2 and PM2.5 is estimated to decrease as a result of 
higher and lower projected pollutant concentrations, respectively. Differences in 
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the UK-wide mortality burden attributable to long-term exposure to annual mean 
MDA8 O3 across the RCPs range from +2,529 to +5,396 additional attributable 
deaths in 2050 compared to 2000. Long-term exposure to annual mean NO2 and 
PM2.5 differences in health burdens are between - 9,418 and -15,782 and from -
4,524 to -9,481 avoided attributable deaths in 2050 relative to present-day, 
respectively. These mortality burdens are also sensitive to future population 
projections.  
These results demonstrate that long-term health impact assessments 
estimated using modelled pollutant concentrations, are sensitive to a change in 
model resolution across Europe, especially in southern and eastern Europe. In 
addition, air pollution episodes are shown to have the potential to cause substantial 
short-term impacts on public health in the UK. Finally the sensitivity of future MDA8 
O3-, NO2- and PM2.5-attributable health burdens in the UK to future emission 
scenarios as well as population projections is highlighted with implications for 





The three main pollutants in the atmosphere are ozone (O3), nitrogen dioxide (NO2) 
and particulate matter with an aerodynamic diameter less than 2.5 µm (PM2.5). 
These pollutants are linked with various negative health impacts both in the short-
term (days or weeks) and in the long-term (year). In order to estimate the health 
burden associated with these pollutants, the concentrations of these pollutants in 
the atmosphere needs to be known. A number of measurement sites exist around 
the world, however such stations are lacking in some areas and thus computer 
models are required to simulate pollutant concentrations covering a larger area. In 
doing so, a number of uncertainties are introduced in the health estimates. The 
main goal of this thesis is to perform health impact assessments using modelled 
pollutant concentrations for both present-day and future. This goal is divided into 
three main aims which are: (i) to study the influence of models with different 
horizontal resolutions on simulated O3 and PM2.5 concentrations in Europe and the 
associated long-term health impacts (ii) to model air pollutant concentrations 
during two five-day periods in July 2006 and the associated short-term health 
impacts in the UK (iii) to estimate the UK future health burdens associated with 
long-term pollutant exposure following future UK emission changes for 2050 
relative to 2000.  
First, the influence of model horizontal resolution on simulated 
concentrations of O3 and PM2.5 is examined over Europe using a model which 
includes both chemistry and climate at two different model grid sizes; ~140 km 
(coarse) and ~50 km (finer). Differences in O3 concentrations between the two 
model resolutions vary by season, with O3 concentration averaged for Europe being 
higher in winter and spring (~10 and ~6%, respectively) but lower in summer and 
autumn (~-1% and ~-4%, respectively) for the coarse compared to the finer 
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resolution. In contrast, PM2.5 concentrations are lower in winter and spring (~-8% 
and ~-6% averaged for Europe, respectively) but higher in summer and autumn 
(~29% and ~8%, respectively). Across Europe, the associated health impacts are 
estimated to vary between the two resolutions by up to ±5% of the total mortality.  
Under climate change, extreme weather events such as heatwaves are likely 
to increase. These in turn influence the amount of air pollution in the atmosphere 
and may contribute to air pollution episodes; days during which the levels of air 
pollution are high. In the second part of this thesis the health impacts during two 
five-day air pollution episodes in July 2006 are estimated. During both episodes 
about 70 daily deaths brought forward are associated with short-term exposure to 
O3. For PM2.5, about 43 and 36 daily deaths brought forward are estimated during 
the first and second episode, respectively. Results suggest that during these 
episodes, the health burdens associated with exposure to O3 and PM2.5 across the 
UK regions are between 36-38% and 39-56% higher, respectively than if no air 
pollution episode occurred.  
Finally, the future burdens are estimated for three different emission 
scenarios in 2050 relative to 2000. It is estimated that under all three scenarios the 
simulate O3 concentrations across the UK will increase in 2050 relative to 2000. 
However PM2.5 and NO2 concentrations are estimated to decrease. This in turn 
results in a UK-wide O3-related mortality burden ranging between 2,529 and 5,396 
additional attributable deaths (depending on the scenario) for future compared to 
present-day. In contrast, the mortality burden due to long-term NO2 exposure 
ranges between 9,418 and 15,782 avoided attributable deaths while the PM2.5-
related mortality burden ranges between 4,524 and 9,481 avoided attributable 
deaths for 2050 relative to 2000. These mortality burdens are also found to be 
sensitive to future population projections.  
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Results presented in this thesis therefore highlight the sensitivity of simulated 
pollutant concentrations and the associated health impacts to model horizontal 
resolution in Europe. In addition, air pollution episodes are shown to have the 
potential to cause health impacts that are up to double those that would have 
occurred in the absence of an air pollution episode in the UK. Finally, health 
burdens associated with O3, NO2 and PM2.5 in the UK are suggested to be sensitive 
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“A clean environment is a human right like any other.  
It is therefore part of our responsibility  
toward others to ensure that the  
world we pass on is as healthy,  
if not healthier, than we found it.” 
- Dalai Lama 












Chapter 1 Introduction 
 
Air pollution, both globally and regionally, is closely linked with adverse health 
effects which vary across different timescales. This introductory chapter is initiated 
with the motivation of this thesis (Section 1.1). The fundamentals of atmospheric 
chemistry are described next (Section 1.2) followed by a brief discussion of how 
atmospheric chemistry is represented in models (Section 1.3). In the second part of 
this chapter the fundamentals of human health are described (Section 1.4). 
Following this, the methods for conducting health impact assessments and 
associated uncertainties are presented (Section 1.5). In the subsequent three 
sections, the impact of: model horizontal resolution (Section 1.6), air pollution 
episodes (Section 1.7) and future emission scenarios (Section 1.8) on simulated 
pollutant concentrations and associated heath impacts are discussed. This chapter 




Globally, air pollution from both outdoor and indoor sources represents the single 
largest environmental risk to health (World Health Organization (WHO), 2016). 
Results from the Global Burden of Disease (GBD) study suggest that diseases from 
all forms of pollution are responsible for about 9 million premature deaths in 2015 
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which accounts for 16% of total global mortality (GBD, 2015). This includes diseases 
from total air pollution, total water pollution, occupational pollution (e.g. 
carcinogens and particulates), soil, heavy metals and chemicals and lead. Pollution 
is estimated to be responsible for more deaths than (a) tobacco smoking (7 million), 
(b) a high-sodium diet (4.1 million), (c) obesity (4.0 million), (d) alcohol (2.3 million), 
(e) road accidents (1.4 million), or (f) child and maternal malnutrition (1.4 million). 
In addition pollution is also responsible for three times as many deaths as AIDS, 
tuberculosis, and malaria combined and for almost 15 times as many deaths as war 
and all forms of violence (GBD, 2015). The only two risk factors that result in more 
deaths than air pollution are dietary risk factors (all combined) (12.1 million) and 
hypertension (10.7 million). However, it is estimated that approximately 2.5 % of 
deaths due to hypertension are attributable to lead. Another study conducted by 
WHO estimates that, in 2012 unhealthy environments were responsible for 12.6 
million deaths worldwide which accounts for 23% of total global mortality. Thus 
both the GBD (9 million) and WHO (12.6 million) studies suggest that pollution is a 
major cause of disease, disability and premature death. The difference between the 
two estimates is mainly due to differing definitions of environment which are 
broader and encompass a larger set of risk factors within the WHO study.  
 
Of the estimated 9 million deaths from all forms of pollution in the GBD study, 4.2 
million and 0.3 million are linked with ambient particulate and ambient ozone, 
respectively. In addition 2.9 million are associated with household air pollution as a 
result of indoor smoke from cooking and heating homes with biomass, kerosene 
fuels and coals (WHO, 2018). On the other hand WHO suggests that 3.0 million and 
4.3 million related deaths in 2012 are due to ambient particulate and household air, 
respectively. The differences between the GBD and WHO estimates can be linked 
with different approaches used to quantify exposure-outcome associations. The 
GBD study uses the integrated exposure-response curve as evidence for non-
communicable diseases (Burnett, 2014). In contrast, WHO use relative risks for 
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certain non-communicable diseases based on evidence from epidemiological 
studies. However for both studies total air pollution, both indoor and outdoor, 
constitutes the majority of the global estimated deaths from all forms of pollution. 
Thus in this study we focus on air pollution, in particular, outdoor air pollution. 
Indoor air pollution is not considered in this study as this is mostly a concern in 
households with smoke from cooking which is not typical of households in Europe 
and the UK.  
 
Air pollution is linked to different sectors which include transport, energy, waste 
management, urban planning and agriculture (WHO, 2018). Several policies within 
these sectors have aided the improvement of the air quality. For example the use of 
clean technologies which reduce industrial smokestack emissions, ensuring access 
to affordable clean household energy alternatives for cooking, heating and lighting 
and increased use of low-emissions fuels and renewable power sources (WHO, 
2018). In an attempt to further reduce air pollution, global guidance on limits and 
thresholds for key air pollutant that pose a health risk have been issued (WHO, 
2006). These guidelines apply worldwide and are based on current scientific 
evidence for key air pollutants that contribute the greatest burden to human 
health: ozone (O3), nitrogen dioxide (NO2) and particulate matter with an 
aerodynamic diameter less than 2.5 μm (PM2..5) (WHO, 2016). For this reason the 
work presented in this thesis is focused on these three air pollutants. In the next 
few paragraphs the evidence from epidemiological studies showing adverse health 
effects associated with exposure to O3, NO2 and/or PM2.5 is discussed.  
Epidemiological evidence on the health effects of air pollution is focused on 
all-cause or cause-specific, mortality and morbidity that can take place both in the 
short-term and long-term (WHO, 2013a). Gaseous pollutants such as O3 and NO2 
cause adverse health impacts through oxidation processes (Section 1.2.1) (Jerrett et 
al., 2009; WHO, 2013b; COMEAP(Committee on the Medical Effects of Air 
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Pollutants), 2015b; Crouse et al., 2015; RCP, 2016) while PM2.5-related health 
effects occur as small particles are inhaled (Brook et al., 2010; COMEAP, 2010; 
Krewski et al., 2009; RCP, 2016). The association of adverse health effects depends 
on the time-scale of the exposure to the air pollutant. A selection of adverse health 
effects associated with both long-term and short-term O3 and PM2.5 exposure are 
illustrated in Fig. 1.1. 
 
  
Figure 1.1: Health effects associated with short-term and long-term exposure to O3 and PM2.5 
adapted from www.ccacoalition.org, last accessed 3rd September, 2018 
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In the short-term, exposure to high levels of O3 may cause irritation to eyes 
and nose, inflammation of the airways, increase risk of exacerbations of asthma 
symptoms in adults and children (Guarnieri and Balmes, 2014), increased hospital 
admissions for cardiovascular diseases and respiratory diseases (WHO, 2013a), 
premature birth (Ha et al., 2014; RCP, 2016) and all-cause, cardiovascular and 
respiratory mortality (WHO, 2013a). On the other hand, evidence showing the 
adverse health impacts due to long-term exposure to O3 is limited (Atkinson et al., 
2016). In particular, long-term exposure to O3 is only linked to respiratory mortality 
(Jerrett et al., 2009a; Turner et al., 2015). 
Health effects associated with short-term exposure to NO2 include increased 
hospital admissions for respiratory diseases (WHO, 2013a) and increased risk of 
exacerbations of asthma in both children and adults (Guarnieri and Balmes, 2014). 
Long-term exposure to NO2 is associated with new-onset (incidence) asthma in both 
children and adults (Guarnieri and Balmes, 2014), suppression of lung function 
growth in children (RCP, 2016), mortality from lung cancer and respiratory diseases 
(Crouse et al., 2015), mortality associated with ischaemic heart disease (IHD) 
(Krewski et al., 2009) and all-cause mortality (COMEAP, 2015a).  
Short-term exposure to PM2.5 is also associated with exacerbation of asthma 
in both children and adults (Guarnieri and Balmes, 2014), adverse birth outcomes 
(Ha et al., 2014), increase in hospital admissions from cardiovascular diseases and 
respiratory diseases (WHO, 2013a) as well as all-cause and cardiovascular mortality 
and morbidity (Brook et al., 2010; RCP, 2016). Long-term exposure to PM2.5 is 
associated with adverse effects such as new-onset asthma in adults and diabetes 
(RCP, 2016), the developing and aging brain (RCP, 2016), all–cause mortality 
(COMEAP, 2010; Crouse et al., 2015; Krewski et al., 2009) as well as cause-specific 
mortality such as cardiovascular mortality (Brook et al., 2010; Krewski et al., 2009; 
RCP, 2016), mortality from Chronic Obstructive Pulmonary Disease (COPD) (WHO, 
2013a), lung cancer, and IHD (Krewski et al., 2009).  
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The latest GBD study estimates that 4.2 million deaths (95% Confidence 
Interval (CI): 3.7 million to 4.8 million) from all-cause mortality in 2015 occurred as a 
result of long-term exposure to ambient PM2.5 concentrations, a 20% increase 
compared to 1990 while ambient O3 is estimated to cause 254,000 (95% CI: 97,000 
to 422,000) deaths from chronic obstructive pulmonary disease in the same year 
(Cohen et al., 2017).  
Air quality in Europe between 2000 and 2015 has improved due to the 
implementation of various air quality policies (European Environment Agency (EEA), 
2017). These policies set by the European Union (EU) as well as the World Health 
Organization (WHO) implement limits and targets to reduce concentrations of 
harmful air pollutants such as O3, NO2 and PM2.5 amongst others (described in 
Section 1.4.1). However, a large portion of European populations are still exposed 
to air pollution levels that exceed European standards as well as the WHO Air 
Quality Guideline (AQGs) (see section 1.4.1). Up to 85% and 98% of the urban 
population in the 28 EU member countries (EU-28) are thought to be exposed to 
PM2.5 and O3 concentrations above the WHO AQGs, respectively (EEA, 2017). For 
Europe, the health impacts attributable to short-term exposure to O3 and long-term 
exposure to NO2 in 2014 are estimated at 14,400 and 78,000 premature deaths, 
respectively (over 41 countries) (EEA, 2017). The estimated health impacts 
associated with long-term exposure to PM2.5 in the same period and across 41 
European countries is estimated at approximately 428, 000 premature deaths (EEA, 
2017). Of these estimates, the O3, NO2 and PM2.5 related health impacts for the UK 
are 590, 14,050 and 37,600, premature deaths, respectively in the same time period 
(EEA, 2017). The all-cause mortality burden associated with long-term exposure to 
anthropogenic PM2.5 in the UK is also estimated by COMEAP (2010) and totals 
28,861 attributable deaths based on pollutant levels in 2008. The UK’s Department 
for Environment Food and Rural Affairs (Defra) estimate that NO2 is linked to 23,500 
attributable deaths annually in the UK based on pollutant levels in 2013 (Defra, 
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2015). The combined impact associated with exposure to both NO2 and PM2.5 is 
estimated at 40,000 deaths annually (COMEAP, 2015a).  
The method used for conducting health impact assessments is mostly 
consistent between different studies. However, less consistency is found in the 
terminology used to quantify various measures of mortality between the different 
studies. In the paragraph above, mortality estimates from the EEA for the UK differ 
from those suggested by COMEAP. These differences are mostly due to different 
exposure-response relationships used by the different studies. In this thesis the 
terminology used for long-term exposure in Chapters 3 and 5 is ‘attributable deaths’ 
following Gowers et al. (2014) whereas for short-term exposure in Chapter 4 the 
terminology used is ‘deaths brought forward’ following Macintyre et al. (2014). 
In this thesis both long-term and short-term health impacts of air pollution 
are examined for Europe and the UK using simulated pollutant concentrations of O3, 
NO2 and PM2.5 for both present-day and future. In the next section the 
fundamentals of atmospheric chemistry are described, followed by a brief 
explanation of how air pollutants are represented in models. 
 
1.2 Fundamentals of atmospheric chemistry  
 
As discussed in section 1.1, O3, NO2 and PM2.5 are identified as the key air pollutants 
having adverse effects on health across the globe and thus their concentrations and 
health impacts are the focus of this thesis. In this section the fundamental 
processes that determine the concentrations for these three major air pollutants 
are described. To begin with, the fundamental chemistry of O3 and NO2 is described 
in Section 1.2.1 followed by that of PM2.5 in Section 1.2.2.  




1.2.1 Nitrogen Dioxide (NO2), Ozone (O3) and its precursors 
 
1.2.1.1 Production of NO2 and O3  
 
In the following section a discussion of O3 that is formed or lost in the troposphere 
(~0 to 8-18 km altitude depending on the latitude and season; Jacob 1999) through 
reactions that are relevant for controlling surface O3 levels is presented. O3 is not 
directly emitted but is formed in the atmosphere through a series of chemical 
reactions involving nitrogen oxides (NOx = NO and NO2), together with other 
precursors: carbon monoxide (CO), methane (CH4), and other non-methane volatile 
organic compounds (NMVOCs) of both natural and anthropogenic origin. The major 
anthropogenic sources of NOx for the EU-28 in 2015 are illustrated in Fig. 1.2 with 
39% of the emissions associated with road transport and 19% from energy 
production (EEA, 2017). 





O3 production occurs by hydroxyl radical (OH) oxidation of CO, CH4 and non-
methane hydrocarbons (NMHC) in the presence of NOx (Monks et al., 2015). 
Generally the timescales of these reactions are very short (~ seconds to tens of 
minutes) (Seinfeld and Pandis, 2006). The production of O3 relies on the oxidation of 
NO by the peroxy radical (HO2) (producing NO2; Reaction R1.1) followed by 
photolysis (reaction with a photon) of NO2 (Reaction R1.2) and the subsequent 
association of the ground electronic state oxygen atom O(3P) with O2 following 
Reaction R1.3, where M is an inert third body (Monks et al., 2015). 
𝑁𝑂 + 𝐻𝑂2  →  𝑁𝑂2 +  𝑂𝐻 (R1.1) 
 𝑁𝑂2 + ℎ𝑣 →  𝑁𝑂 + 𝑂 (
3𝑃) (R1.2) 
Figure 1.2: Contribution to EU-28 emissions from main source sectors in 2015 of NOx taken from 
(EEA, 2017) 
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 𝑂 (3𝑃) + 𝑂2 + 𝑀 →  𝑂3 + 𝑀 (R1.3) 
With the addition of carbon monoxide (CO) (R1.4), methane (CH4) or volatile 
organic compounds (VOCs), net O3 production occurs as additional HO2 from 
Reaction R1.4 initiates the production of O3 through R1.1 and the subsequent 
reactions 1.2 and 1.3.  
 𝐶𝑂 + 𝑂𝐻 
𝑂2
→  𝐶𝑂2 +  𝐻𝑂2 (R1.4) 
Summing up Reactions 1.1 to 1.4, the net O3 production can be described by 
Reaction R1.5 below.  
 𝐶𝑂 + 2𝑂2 +  ℎ𝑣 →  𝐶𝑂2 +  𝑂3 (R1.5) 
The production (Section 1.2.1.1) and loss (Section 1.2.1.2) of surface O3 is shown 























Figure 1.3: Schematic of the production and loss of O3 and NO2 concentrations in the troposphere 
based on the reactions described in this section and based on Jacob (1999) (Numbers in brackets 
indicate the reaction numbers as used in this section.) 
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1.2.1.2 Loss of NO2 and O3  
 
Apart from Reaction R1.1, production of NO2 can also occur through Reaction R1.6 
where O3 is depleted through its reaction with NO (Reaction R1.6) (Fig. 1.3).  
𝑁𝑂 + 𝑂3  → 𝑁𝑂2 +  𝑂2 (R1.6) 
Reactions R1.2, R1.3 and R1.6 form a null cycle whereby NO2, NO, O and O3 
are in photochemical equilibrium. The net effect on production or loss of O3 highly 
depends on the amount of NOx present in the atmosphere. Downwind, in low 
emission regions, NOx is the catalyst that produces O3 (Reactions R1.1, R1.2 and 
R1.3), whilst in urban regions with high NO levels, R1.6 dominates leading to lower 
O3 levels. This is referred to as the ‘NOx titration effect’ whereby NO2 constitutes a 
major part of NOx (Monks et al., 2009).  
The main loss of O3 occurs through its photolysis (Reaction R1.7) followed by 
the interaction with water vapour (Reaction R1.8) (Fig. 1.3). Photolysis at 
wavelengths shorter than ~310 nm yields an O atom in the excited singlet state 
(O(1D)) which is very reactive (Reaction R1.7) (Monks et al. 2015) 
.  𝑂3 +  ℎ𝑣 →  𝑂2 +  𝑂(
1𝐷) (R1.7) 
This O atom then reacts with water vapour producing OH radicals as presented by 
Reaction R1.8. 
 𝑂(1𝐷) + 𝐻2𝑂 →  2𝑂𝐻 (R1.8) 
At low levels of NOx, O3 is also lost by its reaction with HO2 and OH radicals resulting 
in OH and HO2, respectively (Reactions R1.9 and R1.10). 
 𝑂3 +  𝐻𝑂2  →  𝑂𝐻 +  2𝑂2 (R1.9) 
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 𝑂3 +  𝑂𝐻 →  𝐻𝑂2 +  𝑂2 (R1.10) 
O3 is also additionally lost through dry deposition to the surface for example 
onto leaf stomata (Jacob, 1999). The non-linearity of the O3-VOC-NOx system and O3 
chemical regime is illustrated in Fig. 1.4 (Monks et al., 2015). Regions having low O3 
levels in the top left (A) and bottom right corners (C)) are generally referred to as 
the VOC-limited and NOx-limited regimes. In region A, low levels of O3 occur in the 
presence of high levels of NOx and low levels of VOCs (i.e. a region of NOx saturation 
also referred to as VOC-limited). In these regions Reaction R1.6 dominates and O3 
loss, by titration of O3 by NO, occurs. On the other hand Region C is referred to as a 
region of VOC saturation or a NOx-limited region. In Region C, OH is limited due to 
substantial oxidation by high VOC levels. In the presence of low NOx, HO2 levels are 
also reduced. Therefore with low levels of NOx and HO2, Reaction R1.1 is limited and 
hence so is O3 formation. Efficient conversion of NO to NO2 occurs in the rest of the 
figure resulting in net O3 production which increases with increasing VOC and NOx 
emissions (Region B and Reactions R1.1 to R1.3). 




The main sink of NO2 is the oxidation to nitric acid (HNO3) during daytime 
which is a very soluble component and is thus removed by wet deposition in rainfall 
(Reaction R1.11). A portion of HNO3 is also removed by dry deposition. 
 𝑁𝑂2 + 𝑂𝐻 + 𝑀 →  𝐻𝑁𝑂3 + 𝑀 (R1.11) 
where M is an inert third body. 
The lifetime of NO2 is short and ranges from several hours to a few days 
(Jacob, 1999). O3 has a longer lifetime of the order of several weeks (Young et al., 
2013), thus enabling transport of O3 over intercontinental scales. 
  
Figure 1.4: O3 mixing ratios (ppb) as a function of VOC and NOx emissions simulated using the 
UKCA model (described in Section 2.1) taken from Monks et al. (2015) 




1.2.2 Particulate Matter (PM) 
 
An aerosol is defined as solid or liquid particles suspended in the gaseous medium 
(Jacob, 1999). However, common usage (as is the case for this thesis) refers to the 
aerosol as the particulate component only. Aerosols consist of a complex mixture of 
organic and inorganic substances, and vary in size from a few nanometers (nm) to 
tens of micrometers (µm) in diameter. Aerosols can be emitted directly as particles 
(primary aerosol) or formed in the atmosphere by gas-to-particle conversion 
processes (secondary inorganic (SIA) and organic aerosol (SOA)).  
Once airborne, particles can form and change in their composition and size 
through a number of processes, namely: clustering of gas molecules termed 
nucleation (or aitken mode), condensation of a gaseous precursor, coagulation 
whereby particles collide following random motions and stick together and 
scavenging through incorporation into cloud droplets. These processes are 
described in more detail below. Nucleation and gas-to-particle conversion are 
examples of secondary aerosol formation processes. Particles are removed from the 
atmosphere through two main mechanisms: deposition at the Earth’s surface (dry 
deposition) and precipitation (wet deposition). Tropospheric aerosols vary widely in 
composition and concentration over the Earth and residence times of particles in 










Atmospheric aerosols vary in size, with particles less than 2.5 µm in 
diameter (PM2.5) typically referred to as “fine” and those greater than 2.5 µm in 
diameter as “coarse”. Fine particles are generally divided into two modes: the 
nucleation and the accumulation mode as illustrated in Fig. 1.5. Particles in the 
nucleation mode are small in size (ranging from ~ 0.005 to 0.1 µm in diameter) and 
thus rarely account for more than a few percent of the total mass of airborne 
particles. These particles are formed from condensation of hot vapours during 
combustion processes and from the nucleation of atmospheric gaseous species (e.g. 
sulphur and nitrogen oxides). Particles in the accumulation mode (ranging from ~ 
0.1 to 2.5 µm in diameter) account for most of the aerosol surface area as well as a 
substantial part of the aerosol mass in the troposphere (Fig 1.5). Particles in this 
mode are generated through the coagulation of particles in the nucleation mode 
and from condensation of vapours onto existing particles, causing them to grow in 
size. Coarse mode particles (> 2.5 µm in diameter) are generally formed by 
mechanical processes and typically consists of anthropogenic and natural dust 
Figure 1.5: Schematic of the distribution of particle surface area of an atmospheric aerosol 
indicating principal modes, particle formation and removal mechanisms (adapted from 
Seinfeld and Pandis (1998)) 
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particles and sea spray. Particles in the nucleation mode quickly coagulate and grow 
larger due to condensation of vapour species and coarse particles are removed 
from the atmosphere in a relatively short time due to a sufficiently large 
sedimentation velocity, therefore particles in the accumulation mode have a 
considerable longer atmospheric residence time (Seinfeld and Pandis, 2006).  
 
1.2.2.1 PM2.5 chemical composition and sources  
 
PM2.5 is made up of a number of chemical species or components. These include 
sulphate (SO4
2-), sodium (Na+), ammonium (NH4
+), elemental carbon (EC), nitrate 
(NO3
-), organic carbon (OC), sea salt and mineral dust. An example of the chemical 
composition of PM2.5 at a central background site in Birmingham in the UK between 










Figure 1.6: Chemical composition contributing to total PM2.5 at a central 
urban background site in Birmingham UK adapted from (Yin and Harrison, 
2008) 




Primary pollutants have both natural and anthropogenic sources. Natural 
sources of primary PM2.5 include ash from volcanic activity, mineral dust, sea salt 
and forest fires. The different sectors contributing to total anthropogenic primary 
PM2.5 emissions in the EU-28 in 2015 are illustrated in Fig. 1.7 with the commercial, 
institutional and households fuel combustion sector being the largest contributor 
(57%) followed by road transport (11%) (Fig. 1.7).  
 
As discussed in Section 1.2.2, secondary inorganic particles can be formed 
from nucleation of new particles and gas-to-particle conversion through the 
oxidation of primary gases such NO2 and sulphur dioxide (SO2) into nitric acid (HNO3 
- gas) (Reaction R1.11) and sulphuric acid (H2SO4 - liquid), respectively.  (Reaction 
R1.12 to R1.14; Jacob 1999), respectively. SO2 is oxidised by OH to produce H2SO4 
following Reactions R1.12 to R1.14 below: 
Figure 1.7: Contribution to EU-28 emissions from main source sectors in 2015 of PM2.5 taken from 
(EEA, 2017) 
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 𝑆𝑂2 + 𝑂𝐻 + 𝑀 →  𝐻𝑆𝑂3 + 𝑀 (R1.12) 
𝐻𝑆𝑂3 + 𝑂2  →  𝑆𝑂3 + 𝐻𝑂2 (R1.13) 
𝑆𝑂3 + 𝐻2𝑂 + 𝑀 →  𝐻2𝑆𝑂4 + 𝑀 (R1.14) 
Ammonia (NH3) gas is emitted mostly from the agricultural sector (94%; EEA 
(2017)) and on reaction with HNO3 and H2SO4 forms ammonium nitrate (Reaction 
R1.15) and ammonium sulphate (Reaction R1.16) but more readily reacts with the 
sulphate aerosol due to its lower vapour pressure.  
 𝑁𝐻3(𝑔) + 𝐻𝑁𝑂3(𝑔)  ↔  𝑁𝐻4𝑁𝑂3(𝑠) (R1.15) 
 2𝑁𝐻3(𝑔) + 𝐻2𝑆𝑂4(𝑎𝑞)  ↔ (𝑁𝐻4)2𝑆𝑂4(𝑠) (R1.16) 
Secondary organic aerosol formation mainly occurs through the oxidation of 
VOCs. This formation can be highly complex involving biogenic, anthropogenic and 
biomass burning VOC species.  
 
1.2.2.2 Toxicity of PM 
 
There are different theories about what determines the toxicity of particles. 
Amongst these are: the size of the particles, the number of particles, the chemical 
composition, and age. One of the main theories is the “ultrafine hypothesis” 
(Seaton et al., 1995) which suggests that the number of particles is the driving 
factor as opposed to the mass of the particles. This is because fine particles which 
dominate the particle number distribution (but not the particle mass distribution), 
have a high surface area (Fig. 1.5). Evidence that some individual PM2.5 components 
(e.g. elemental carbon) are more toxic than others is also found (e.g. Peng et al. 
Chapter 1 Introduction 
19 
 
2008; Levy et al., 2012). However this is still a growing area of research and robust 
evidence on the differential toxicity of various components of the PM mixture is still 
lacking (WHO, 2013b). The next section presents how the atmospheric composition 
is simulated by models (Section 1.3). 
 
1.3 Modelling atmospheric chemistry 
 
Models are typically used to simulate the gaseous pollutants and aerosols described 
in Sections 1.2.1 and 1.2.2. All atmospheric models which simulate chemical species 
within the atmosphere include the main processes controlling them; emissions, 
transport, chemistry and deposition (Fig. 1.8).  
 
Figure 1.8: Schematic of the simulated atmospheric composition in models adapted from Mahoney 
et al. (2003) 
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Three-dimensional models that describe these processes are called chemical 
transport models (CTMs). These models do not simulate the atmospheric dynamics 
but rather use meteorological reanalyses fields as input to enable for example the 
chemical transformation and transport of chemical species as illustrated in Fig. 1.8. 
On the other hand, chemistry–climate models (CCMs) represent atmospheric 
chemistry processes but are coupled to a general circulation model (GCM) therefore 
allowing for interactions between the physical dynamics (represented by a set of 
equations describing fluid flow hence transport and radiative transfer) and 
chemistry to influence the model’s radiation scheme (Young et al., 2018). 
Chemistry-climate models can either simulate the climate with weather 
representative of an average period, referred to as ‘free-running’ (as used in 
chapters 3), or they can be constrained by using meteorological reanalyses to 
simulate a particular meteorological year, referred to as ‘nudged’ or using model 
forecast fields (chapter 4 and 5). Apart from a different representation of the 
meteorology, chemistry-climate models can have different horizontal or vertical 
resolutions, spatial extent and also different complexity of the chemistry included. 
Differences in horizontal resolutions can influence the ability of a CTM or CCM to 
represent an urban environment. For example at a global resolution (Section 1.6) 
urban NOx emissions may be diluted over a large grid cell. This may result in lower 
O3 levels than simulated with a higher resolution model to less of an impact of the 
loss of O3 through titration with NO following R1.6 under high NOx levels (Section 
1.2.1.2). Differences in resolution may also therefore potentially impact the O3 
chemical regime described in Section 1.2.1.2.  
Throughout this thesis a chemistry-climate model which is based on the Met Office 
Unified Model (MetUM; Brown et al., 2012) is used to simulate pollutant 
concentrations. Chemistry-climate models are chosen over chemistry-transport 
models to be able to analyse how the model represents various atmospheric 
dynamics at different model set ups for example: at different model resolutions, air 
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pollution episodes and for future air pollution estimations. Further details on the 
research aims of this thesis are presented in Section 1.9.  
In chapter 3, two chemistry-climate configurations of the HadGEM3-UKCA 
(Hadley Centre Global Environmental Model version 3 (HadGEM3, Hewitt et al., 
2011) – United Kingdom Chemistry and Aerosol model (UKCA, Morgenstern et al., 
2009; O’Connor et al., 2014)) are used; a global configuration with a horizontal 
resolution of ~140 km and a regional resolution with a horizontal resolution of ~50 
km. A more detailed description of the models and model set-up used in Chapter 3 
is presented in Section 2.1. In chapters 4 and 5 the UK air quality model also based 
on the MetUM – the Air Quality in the Unified Model (AQUM; Savage et al., 2013) is 
used having a horizontal resolution of 12 km. Further details on the AQUM and its 
set-up are described in Section 2.2. Model simulations for present-day used in this 
thesis are compared to meteorological and chemical observations which are 
described in Section 2.3.  
Having described the fundamentals of atmospheric chemistry (Section 1.2) 
and how air pollutants are represented by CCMs in this thesis (Section 1.3), the next 
section considers the fundamentals of human health in relation to air pollutant 
exposure (Section 1.4).  
 
1.4 Fundamentals of human health  
 
Air pollution related health effects (Section 1.1) are determined by toxicological, 
clinical and epidemiological studies. Evidence from such studies is used to 
implement air quality policies and set air quality guidelines and limits. In this section 
the UK air quality objectives together with the European obligations for the 
protection of human health are first described in Section 1.4.1 including a brief 
Chapter 1 Introduction 
22 
 
overview of the UK Daily Air Quality Index (DAQI). In this thesis evidence linking air 
pollution to adverse health effects derived from epidemiological studies is used and 
these study types are described next in Section 1.4.2. The terminology of exposure 
response relationships and risk estimates as obtained from epidemiological studies 
are then discussed in Section 1.4.3 followed by a description of the risk estimates 
used in this thesis in Section 1.4.4.  
1.4.1 Regulatory standards for air pollutants in the EU and UK for the 
protection of human health  
 
The European Union (EU) developed and adopted a series of directives on air 
quality and set air quality limits and target values for the major air pollutants most 
detrimental to health (Section 1.1) which are set out in the European 2008 Ambient 
Air Quality Directive (2008/50/EC). Each member state is then responsible to 
implement and achieve the limits and targets set by the EU that relate to short term 
(e.g. daily) and long-term (e.g. annual-mean) limits. Table 1.1 lists the UK air quality 
objective together with the European directive limit and target values for O3, NO2 
and PM2.5 for the protection of human health. The UK objective for O3 is set for an 
8-hour mean concentration of 100 µg m-3 not to be exceeded more than 10 times a 
year. The EU target for O3 varies from that of the UK; EU O3 concentrations are not 
to exceed 120 µg m-3 by more than 25 times a year averaged over 3 years. Hourly 
mean NO2 concentrations in the EU and the UK are not to exceed 200 µg m
-3 more 
than 18 times a year and with an annual mean limit of 40 µg m-3. The UK objective 
and target value for PM2.5 is an annual mean concentration not to exceed 25 µg m
-3 
for 2010 and maintained thereafter. A reduction of 15% in annual mean PM2.5 
concentrations in urban areas is also set as a target to be reached between 2010 
and 2020 by the UK in an effort to reduce PM2.5 exposure.  
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While the above mentioned EU targets have aided the improvement of air 
quality in Europe and the UK, some pollutant concentrations across Europe are still 
above the EU limits (EEA 2017). Figure 1.9 illustrates observed concentrations of 
maximum daily 8-hour O3 mean, annual mean NO2 and annul mean PM2.5 across 
European monitoring stations in 2015 with orange and red colours indicating 
concentrations above the set EU limits (Table 1.1). 
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All measured concentrations of daily maximum 8-hour mean O3 in the UK are within 
the EU and UK limit in 2015 however, O3 concentrations are above 120 µg m
-3 for 
most stations in Europe in the same period (Fig. 1.9a). Measured annual mean NO2 
concentrations are mostly within the EU limit but concentrations higher than 40 µg 
m-3 can be noted in cities such as London, and pollution hotspots like the 
Netherlands (Fig. 1.9b). PM2.5 concentrations across Europe are only higher than the 
limit value for 6% of all reporting stations occurring mostly in urban areas in 










Figure 1.9: Observed concentrations of (a) O3, (b) NO2 and (c) PM2.5 in 2015 (EEA, 2017) 
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The daily air quality index (DAQI) is another UK air quality guideline intended 
to inform the public on the levels of air pollution (Defra, 2013b). The system uses 
indexes 1 to 10 which are divided into four bands: Low (1-3), Moderate (4-6), High 
(7-9) and Very High (10) (Fig. 1.10). This index is calculated from the highest 
concentrations of five pollutants: O3, NO2, SO2, PM2.5 and PM10. The concentrations 
of 8-hour mean O3, hourly mean NO2 and daily mean PM2.5 within each band are 
illustrated in Fig. 1.10. A high value of the DAQI is recorded when a high value is 
reached for any of the five individual pollutants. The DAQI is used in Chapter 4 to 


























1.4.2 Air pollution epidemiological study types 
 
Numerous epidemiological studies have been conducted to estimate the link 
between short-term (acute) and long-term (chronic) exposure to air pollution in 
different populations to a range of health outcomes. Acute effects, such as asthma 
and all-cause or cause-specific mortality can be short-term and due to time-varying 
exposures (Section 1.1). On the other hand, chronic or long-term effects are due to 
Figure 1.10: Concentrations of 8-hour running mean O3, hourly mean NO2 and daily mean 
PM2.5 within each band of the daily air quality index (DAQI) (Defra, 2013b)  
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long-developing effects of exposure for example lung cancer, cardiopulmonary 
diseases and mortality (Section 1.1). Typically epidemiological studies use statistical 
modelling to quantify the relationship between the pollutant concentration which 
the population is exposed to and the health outcome (e.g. cause-specific disease or 
mortality). This is referred to as the concentration-response function (CRF) which is 
then used to derive the relative risk (RR). The RR is the ratio of the health outcome 
occurring in the exposed population to the health outcome occurring in the 
unexposed population (AQEG, 2012). These terms are described in more detail in 
Section 1.4.3. 
Epidemiological studies often report results as an increase in the risk of an 
adverse health outcome (such as incidence of a disease or death) associated with a 
certain increment of air pollution. For example, a RR of increased mortality per 10 
µg m-3 increase in PM2.5 (or any other pollutant) (Gowers et al. 2014). For each RR a 
95% confidence interval is also typically provided.  
No single epidemiologic study design is best for all applications and thus the 
choice of an optimal design depends on the research question as well as the 
availability of data. Each study design targets specific types of effects, outcomes, 
and exposure sources, and the choice of the optimal design depends on how 
efficient it is to detect the effect of exposure. This in turn depends on the size of the 
study and the variability of the exposure. In this thesis CRFs from two main 
epidemiological study types are used: cohort studies (used in Chapter 3 and 5) and 
time series studies (used in Chapter 4).  
In a cohort study a group of people are followed over a long period of time 
during which information about risk factors (such as air pollution concentrations) 
are collected (e.g. Jerrett et al., 2009 and Krewski et al., 2009). Therefore cohort 
studies represent the combined acute and chronic i.e. short and long-term effect. 
The occurrence of a health outcome (e.g. respiratory mortality) in people exposed 
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to the risk factor (e.g. O3 concentrations) is then compared to the health outcome in 
people that are not exposed; the RR.  
Time-series studies on the other hand analyse the association between daily 
changes in pollution and daily counts of outcome and are therefore ideal to analyse 
short-term or acute effects (e.g. Atkinson et al., 2014). For these types of studies 
individual-level variables like smoking and body mass index are typically not 
controlled as these factors are not likely to change considerably from day to day. 
However other variables that vary daily and influence both air pollution and health 
(e.g. weather) can be accounted for; these are termed confounders. These 
statistical models are often referred to as single pollutant models. Some studies 
additionally account for the effect of one pollutant on another, referred to as multi-
pollutant models. 
In addition some studies summarise findings of other epidemiological 
studies (e.g. cohort or time-series studies), called meta-analysis studies. This type of 
study makes use of data from all available epidemiological studies that have 
addressed the same research questions (e.g. analysing the all-cause mortality 
effects of long-term exposure to PM2.5) and similar study designs (e.g. time series 
studies) (e.g. Atkinson et al., 2015, 2016). A combined statistical analysis is then 
conducted and a single summary result is produced. In Chapter 4, CRFs and RRs 
from a meta-analysis of time-series studies are used.  
Details on the RRs and CRFs derived from epidemiological studies are given 
in the next section (Section 1.4.3).  
  




1.4.3 Exposure response relationships (CRFs) and relative risks (RR) 
 
As briefly mentioned in Section 1.4.2, exposure-response relationships or 
concentration-response functions (CRFs) and relative risks (RRs) are derived from 
the different epidemiological studies. The magnitude of the RR or CRF depends on 
the time-scale of the exposure (i.e. long-term or short-term exposure) and on the 
health outcome being studied (e.g. cause-specific mortality). In addition, the CRF 
only holds for the range of pollutant concentrations measured in the 
epidemiological study, as information on the association between the health 
outcome and the RR outside the recorded pollutant concentration range would not 
be available. This may in turn depend on the measurement period e.g. warm season 
(April-September in the northern hemisphere) or whole year. Therefore, CRFs are 
often associated with a threshold. This is the lowest pollutant concentration 
recorded in the respective epidemiological study. Another restriction of the CRF is 
that the health outcome could be associated with people of a certain age for 
example aged 30 or over.  
The curve of the CRF can have different shapes. For example they can be 
linear (e.g. Jerrett et al., 2009) or non-linear, which can both be used for long-term 
and short-term O3, NO2 and PM2.5 health impacts. Examples of non-linear CRFs 
include the commonly used log-linear function (e.g. Cohen et al., 2004; Ostro, 
2004), the power function (e.g. Pope et al., 2011), and the integrated exposure 
response (IER) function (Burnett et al., 2014; Cohen et al., 2017). The latter is only 
used to estimate cause-specific mortality associated with long-term exposure to 
PM2.5. 
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The integrated exposure-response function combines epidemiological 
evidence for outdoor air pollution, second-hand smoke, household air pollution and 
active smoking to estimate the level of disease risk (e.g. stroke) at different PM2.5 
levels (Burnett et al. 2014). Thus, the same measure is used to estimate the risk of 
for example heart disease from PM2.5 due to outdoor air pollution as that of second-
hand smoke or household air pollution. The IER function was also developed to 
allow for nonlinear patterns for the relationship between PM2.5 concentrations and 
the corresponding diseases causes. The model was fit to the RR estimates from 
publishes cohort studies. Many major epidemiological studies conducted to 
estimate the association between long-term exposure to PM2.5 and health 
outcomes have been based in the US, and have only reported relative risks across 
the PM2.5 concentration range from ~ 5 to 30 µg m
-3 (e.g. Krewski et al, 2009). Thus 
these studies do not provide knowledge on the association of long-term exposure 
to PM2.5 with mortality at high ambient exposures common in cities and other areas 
in Asia where annual average exposures can reach higher levels compared to other 
regions of the world (~ 100 µg m-3 in Asia). For this reason the IER function has been 
developed to estimate the RR of cause-specific mortality associated with long-term 
PM2.5 exposure over the entire range of ambient annual mean PM2.5 concentrations 
across the globe. Burnett et al. (2014) have presented IER function that accounts for 
changes in the shape of the CRF at high PM2.5 concentrations to represent the 
relative risk of IHD mortality. More recently, Cohen et al. (2017) have developed 
further IER functions related to long-term PM2.5 exposure for IHD, cerebrovascular 
disease, lung cancer, COPD, and lower respiratory infections (LRI) using risk 
estimates from meta-analysis studies on ambient air pollution, household air 
pollution, and second-hand smoke exposure and active smoking (Burnett et al., 
2014; Shin et al., 2016). The epidemiological studies, CRFs, RRs and threshold used 
in this thesis are described next in Section 1.4.4. 
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1.4.4 Epidemiological studies, risk estimates and thresholds used in 
this thesis 
 
In this thesis, both long-term (Chapters 3 and 5) and short-term (Chapter 4) 
exposures to air pollutant concentrations are estimated using the CRFs listed in 
Table 1.2. In Chapter 3 and 5 the health burden associated with long-term exposure 
to O3 and PM2.5 is estimated using risk estimates from Jerrett et al. (2009) and 
Turner et al. (2015) for O3-related respiratory mortality and Hoek et al. (2013) for 
PM2.5-related all-cause mortality.  
The risk estimates for long-term exposure to O3 from both Jerrett et al. 
(2009) and Turner et al. (2015) are based on data from the American Cancer Society 
Cancer Prevention Study II (ACS CPS-II) cohort, but with different study population 
sizes and follow up times. More importantly, the O3 exposure metric used in the 
studies is different; in Jerrett et al. (2009), the summer or warm season average 
(April-September) daily maximum 1-hour O3 concentration was used, and in Turner 
et al. (2015) the annual average daily maximum 8-hour (MDA8) O3 concentration 
was used. In this thesis, the CRF suggested by the Health Risks of Air pollution in 
Europe report (HRAPIE) (WHO, 2013a) is used. This is based on findings by Jerrett et 
al. (2009) but re-scaled from 1-hour means to 8-hour means using a ratio of 0.72 
(Gryparis et al., 2004; WHO, 2013a). The value recommended by HRAPIE for the CRF 
for the effects of long-term O3 exposure on respiratory mortality used in Chapter 3 
is 1.014 (95% Confidence Interval (CI) = 1.005, 1.024) per 10 µg m-3 increase in daily 
maximum 8-hour running mean (MDA8) O3 during the warm season (April-
September in the northern hemisphere) with a threshold of 70 µg m-3 (Table 1.2). In 
Chapter 5 the CRF used to estimate the effects of long-term O3 exposure on 
respiratory mortality is 1.06 (95% Confidence Interval (CI) = 1.04,1.08) per 10 µg m-3 
increase in annual mean MDA8 O3 concentrations with a threshold of 53.4 µg m
-3 
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(Table 1.2). Annual-mean based metrics are used in Chapter 5 to match the time 
period of available baseline mortality data. The CRF from Turner et al. (2015) used 
in Chapter 5 is also used in Chapter 3 as a sensitivity study.  
The long-term PM2.5-related CRF associated with all-cause mortality used in 
this thesis (Chapter 3 and 5) is based on a meta-analysis of all cohort studies 
published before January 2013 which included thirteen different studies conducted 
in the adult population of North America and Europe (Hoek et al., 2013). For 
estimating the health impact of long-term exposure to PM2.5 on all-cause excluding 
external (i.e. environmental events and circumstances as the cause of injury, 
poisoning and other adverse effects; ICD 10 codes V01-Y98) mortality (in Chapter 3 
and 5), a CRF of 1.062 (95% CI = 1.040, 1.083) per 10 µg m-3 increase in annual 
average concentrations (with no threshold; Table 1.2) is used.  
 In addition, in chapter 5, long-term exposure to NO2 is related to mortality 
using a CRF derived from a systematic review and meta-analysis of cohort studies 
linking long-term average concentrations of NO2 with all-cause mortality (COMEAP, 
2015a). For estimating the long-term NO2 exposure for all-cause (excluding 
external) mortality, a CRF of 1.025 (95% CI = 1.01,1.04) per 10 µg m-3 increase in 
annual mean NO2 concentrations (with no threshold) is used (Table 1.2). Evidence 
suggesting a threshold associated with long-term exposure to PM2.5 and NO2 is 
lacking (COMEAP, 2015a; WHO, 2013a). Thus in this thesis no threshold is included 
when estimating the long-term health burden associated with these two pollutants 
(Table 1.2). Long-term exposures to pollutant concentrations in Chapter 3 and 5 
exclude people younger than 30 years.   
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To estimate the health burden associated with short-term exposure to O3 and 
PM2.5 in Chapter 4, CRFs derived from systematic reviews and meta-analysis of time 
series studies are used ((COMEAP, 2015b) and (Atkinson et al., 2014), respectively) 
alongside daily exposure estimates. The all-cause mortality associated with short-
term exposure to O3 is estimated using a CRF of 1.0034 (95% CI: 1.0012, 1.0056) per 
10 µg m-3 increase in MDA8 O3 , and for short-term exposure to PM2.5, a CRF of 
1.0104 (95% CI: 1.0052, 1.0156) per 10 µg m-3 increase in 24-hr mean PM2.5 is used 
(Table 1.2). Evidence for a threshold below which no adverse effects from short-
term exposure to O3 and PM2.5 is limited, therefore the full range of pollutant 
exposure is used to calculate the health burdens which applies for all ages 
(COMEAP, 1998, 2015b; Table 1.2).  
 
1.5 Health impact assessments 
 
In Health Impact Assessments (HIAs) the CRFs derived from epidemiological studies 
(Section 1.4.3) are used to translate estimates of population exposure in terms of 
air pollutant concentrations into health impact estimates (Briggs et al., 2008). In this 
section a description of the method used for calculating HIAs by different studies is 
first presented (Section1.5.1) followed by uncertainties associated with HIAs in 
Section 1.5.2.  
  




1.5.1 Methods for calculating HIAs (examples from literature)  
 
The global, long-term attributable mortality or health burden due to anthropogenic 
PM2.5 and O3 concentrations, has been estimated by a number of studies (e.g. 
Anenberg et al., 2010; Lelieveld et al., 2013; Silva et al., 2013; Li et al., 2015) using 
the following equations. The attributable mortality due to long-term exposure to 
the air pollutant is estimated by multiplying the attributable fraction of mortality 
(AF) by the baseline mortality rate 𝑦0 and the size of the exposed population 𝑃𝑜𝑝. 
𝑀𝑜𝑟𝑡 =  𝑦0  × 𝐴𝐹 × 𝑃𝑜𝑝             (1.1) 
The number of attributable deaths is a metric widely used in the literature 
and can also be expressed as a rate. However it is important to note that this metric 
does not simply represent the number of individuals whose length of life has been 
shortened by air pollution (COMEAP, 2010). For example, long-term exposure to air 
pollution is understood to be a contributory factor to deaths from respiratory and 
cardiovascular disease and it is unlikely to be the sole cause of deaths of individuals 
(Gowers et al., 2014).  
The fraction of disease burden attributable to the risk factor, the 
attributable fraction (AF) of the disease, often expressed as a percentage is defined 
as:  
𝐴𝐹 =  
𝑅𝑅−1
𝑅𝑅
              (1.2) 
Where a log-linear relationship between the RR and pollutant concentrations as 
defined by Jerrett et al. (2009) and Krewski et al. (2009) for O3 and PM2.5 health 
impacts, respectively is used (equation 1.3).  
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𝑅𝑅 = exp(𝛽(𝑥 − 𝑥0))             (1.3) 
In equation 1.3, 𝛽 is the estimated slope of the log-linear relationship 
between air pollutant concentration and mortality (ie the CRF) and x is the 
population-weighted pollutant concentration with a threshold 𝑥0. Health impact 
assessments (HIAs) are performed using air pollutant concentration data from 
monitoring stations, satellites and from chemistry-climate models. For example, the 
global burden of disease due to ambient air pollution was originally estimated 
based on measured levels of pollution at ground stations (e.g. Cohen et al., 2004). 
More recent studies use simulated pollutant concentrations from global and 
regional atmospheric models (e.g. Cohen et al. 2017; Lelieveld et al. 2015; Lelieveld 
2017; Butt et al. 2017; Punger & West 2013; Silva et al. 2016) or global modelling 
output combined with observations (Evans et al., 2013) as well as satellites (Crouse 
et al., 2015; Anenberg et al., 2018; Kushta et al., 2018) to estimate exposure to air 
pollutants.  
Lelieveld et al. (2015) also estimate the global burden of disease associated 
with long-term exposure to O3 and PM2.5 however they implement a different 
definition for the RR to that in equation 1.3 as the former is based on 
epidemiological cohort studies in the US and Europe where annual mean PM2.5 
concentrations are typically below 30 µg m-3. Thus to account for higher PM2.5 
concentrations typical of countries such as South and East Asia, Lelieveld et al. 
(2015) and Kushta et al. (2018) use the CRF of Burnett et al. (2014) (Section 1.4.3) as 
described in equation 1.4 below where a and p are factors derived from statistical 
models to account for large PM2.5 concentrations. 
 RR = 1 + a {1-exp[-β(X-Xo)p]}              (1.4) 
For COPD attributable to long-term exposure to O3 Lelieveld et al. (2015) (as well as 
other studies e.g. Schmidt, 2013; Butt et al., 2016) use the definition of RR by Ostro 
(2004):  
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             (1.5) 
Where in this case 𝑥0and 𝑥 are the base case and perturbed population-weighted 
pollutant concentration, respectively.  
 Other studies that estimate the global burden of disease, for example Cohen 
et al. (2017) or global and regional trends (Butt et al., 2017; Kushta et al., 2018), 
make use of a IER functions (Section 1.4.3) for IHD, COPD, lung cancer, and lower 
respiratory infections to estimate the relative risk of mortality, RR, for each cause of 
death using non-linear CRFs spanning the global range of exposure to pollutant 
concentrations.  
In addition statistical tools to perform health impact assessments are also 
available e.g. the widely used Benefit Mapping and Analysis Program (BenMAP) tool 
from the US Environmental Protection Agency (USEPA)) (Punger and West, 2013; 
Thompson et al., 2014). BenMap is a geographic information systems program 
which combines US census-level population and incidence data at country-level 
resolution with user-supplied air pollution data (from monitors, satellite or models) 
to estimate health effects (Abt Associates, 2010). Thus in contrast, in this case all 
the calculations are conducted by the single package BenMap therefore ensuring 
coherence at every step of the HIAs. 
Short-term HIAs are conducted in a similar was to long-term HIAs however 
short-term HIAs are conducted daily and the terminology used for the health 
burden is deaths brought forward. For example Macintyre et al. (2016) estimate the 
mortality associated with PM2.5 episodes across the UK in spring 2014. The total all-
cause mortality, Mort associated with short-term exposure to PM2.5 summed over 
each day of the air pollution episode 𝑖, is calculated following equation 1.6.  
   𝑀𝑜𝑟𝑡 =  ∑ 𝐷𝑖  × 𝐴𝐹𝑖
𝑁
𝑖             (1.6) 
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Where Di is an estimate of the total regional daily baseline mortality. The daily AF of 
mortality is calculated following equation 1.2 and using the definition of RR given by 
equation 1.7.  
   𝑅𝑅𝑖 = exp(𝛽𝑥𝑖)             (1.7) 
Similar to equation 1.3, 𝛽 is slope of the log-linear relation between 
concentration and mortality (ie CRF) and 𝑥𝑖  is the daily mean population-weighted 
PM2.5 concentration. A similar approach for estimating the short-term O3 exposure 
over the UK in July 2006 is implemented by Pope et al. (2016). 
In this thesis, all health impact assessments are either focused on Europe 
(Chapter 3) or the UK (Chapter 4 and 5) where PM2.5 concentrations generally do 
not exceed ~30 µg m-3 especially in the UK (Fig 1.9 Section 1.4.1) thus a log-linear 
function is used throughout the thesis. Long-term health impacts are estimated 
following a similar method to Anenberg et al. (2010) (Chapters 3 and 5) while an 
approach similar to Macintyre et al. (2016) is implemented for short-term health 
impacts (Chapter 4). 
 
1.5.2 Uncertainties associated with HIAs 
 
A number of uncertainties are associated with the estimation of mortality burdens 
attributable to long-term or short-term exposure to air pollution. These include: the 
use of a CRF derived from an epidemiological study based in one geographical 
location, uncertainties related to the use of CRFs derived from single-pollutant 
statistical models, uncertainties associated with population and baseline mortality 
rates and representativeness of the pollutant exposure estimates or pollutant 
concentrations derived from modelling or observations.  
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Quantification of the health burden for one pollutant from single-pollutant 
statistical models may to some extent include effects attributable to another. 
Consequently, the recommendations by the HRAPIE project (WHO, 2013a) suggest 
that for any particular health outcome and exposure period, estimated O3, NO2 and 
PM2.5 related health burdens should not be added without acknowledging that this 
will, in most circumstances lead to some overestimation of results. On the other 
hand, impacts estimated for one pollutant only are suggested to underestimate the 
true impact of the pollution mixture, if other pollutants also affect the same health 
outcome. For example, Williams et al. (2014) demonstrate that the analysis of O3 
and NO2 separately in epidemiological studies can underestimate the combined 
effects on the population from exposure to both pollutants. 
Having outlined how HIAs are generally conducted together with the 
associated uncertainties, the next three sections describe three different aspects 
which can influence air quality and the associated health impacts related to 
uncertainty of pollutant exposure estimates, and short-term and long-term changes 
in air pollutant concentrations. These are the impact of model horizontal resolution, 
the impact of air pollution episodes and the impact of future emissions scenarios on 
air pollution concentrations and the associated health impacts.  
 
1.6 The impact of model horizontal resolution on pollutant 
concentrations and the associated health impacts  
 
In this thesis a chemistry-climate model (CCM) is used to simulate pollutant 
concentrations. CCMs vary in many different aspects (Section 1.3) and in particular, 
these models can have different horizontal resolutions. Different horizontal 
resolutions present advantages and disadvantages. Global CCMs have coarse 
resolutions (~50-100 km in the horizontal) to enable long-term integrations for the 
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globe. However such coarse resolutions can lead to inaccuracies in the 
representations of local or urban effects such as high levels of emissions in pollution 
hotspots (Section 1.3).  
Several studies have been conducted to analyse the effect of changing the 
model horizontal resolution on different pollutant concentrations (e.g. Ridder et al., 
2014; Stock et al., 2014; Thompson et al., 2014; Valari and Menut, 2008). However, 
only a few studies have evaluated the impact of changes in model horizontal 
resolution on the estimated human health burdens (Punger and West, 2013; 
Thompson et al., 2014; Li et al., 2015; Kushta et al., 2018). The majority of these 
studies find that mortality associated with long-term exposure to O3 is higher, 
because simulated O3 concentrations are often larger (section 1.3), when using 
coarse resolution compared to a finer resolution (Thompson and Selin, 2012; 
Punger and West, 2013; Thompson et al., 2014). Less agreement between the 
available studies is found for PM2.5-related health estimates. While some studies 
suggest that the attributable mortality associated with long-term exposure to PM2.5 
is lower at coarse resolutions larger than 100 km (Li et al., 2015; Punger and West, 
2013), another study finds that using horizontal resolutions less than 36 km had 
negligible effect on changes in PM2.5 concentrations and associated health impacts 
(Thompson et al., 2014). More recently, the uncertainties in ambient PM2.5-related 
mortality in Europe have been analysed in relation to model simulations of PM2.5 
concentrations at 100 km and 20km (Kushta et al., 2018). Findings of this study also 
suggest that simulated PM2.5 concentrations and corresponding health impacts at 
the coarse resolution (100 km) are lower compared to estimates at the 20 km 
resolution for most European countries. Moreover uncertainties of mortality 
estimates are dominated by the estimated CRFs derived from epidemiological 
studies rather than the representation of annual mean PM2.5 concentrations by air 
quality models having varying horizontal and vertical resolutions (Kushta et al., 
2018). However, the majority of the abovementioned studies have been conducted 
in the US and similar studies over Europe are limited. Quantifying the impacts of 
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model resolution on health impacts of O3 and PM2.5 over Europe is therefore the 
focus of Chapter 3. NO2 health impacts associated with long-term exposure are not 
estimated in Chapter 3 due to the relatively coarse model horizontal resolutions 
(global and regional) used which would not adequately represent NO2 
concentrations typically high in highly populated regions. 
 
1.7 The impact of air pollution episodes on pollutant 
concentrations and the associated health impacts  
 
Meteorology has a major influence on air quality, through its impact on chemical 
reaction rates by changes in temperature, on the deposition of PM2.5 through 
changes in precipitation, and on the stagnation of air and long-range transport 
through changes in wind speed and direction. Under anticyclonic weather 
conditions with low wind speeds, resulting stable conditions can often create an 
inversion of the temperature profile, hence trapping pollutants in the shallow 
boundary layer close to the ground resulting in high levels of air pollutants and 
producing an air pollution episode (e.g. Pope et al., 2016, Rebetez et al., 2009). In 
summer these air pollution episodes can also coincide with heatwaves (Solberg et 
al., 2008; Tong et al., 2010; Schnell and Prather, 2017). In addition, synoptic flows 
over the UK can lead to transport of polluted air from over Europe (e.g. Francis et 
al., 2011) or clean air from the Atlantic, depending on the orientation of the 
prevailing weather system.  
Several studies have estimated the impact of short-term exposure to O3 and 
PM on human health during air pollution episodes. In particular a number of studies 
estimate the morality burden associated with all-cause mortality due to air 
pollution during the European heatwave in August 2003. For example, Stedman 
(2004) estimate that in England and Wales, 83 and 29 deaths per day occurred due 
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to short-term exposure to daily maximum 8hr running mean (MDA8) O3 and 24 hour 
mean PM10 (particulate matter with an aerodynamic diameter less than 10 µm), 
respectively during the first two weeks in August 2003. This represented an increase 
of 38 (O3) and 13 (PM10) deaths per day compared with the previous year. PM2.5 air 
pollution episodes have also been studied. Macintyre et al., (2016) estimate that a 
spring time air pollution episode in 2014 is associated with ~60 daily deaths brought 
forward from short-term exposure to PM2.5 in the UK and suggest a mortality 
burden that is 2.0 to 2.7 times that associated with typical urban background levels 
of PM2.5 during the same period. In summer 2006, stagnant weather conditions 
resulted in high O3 and PM2.5 concentrations across the UK. Using measured 
pollutant concentrations between June and July 2006, the UK Health Protection 
Agency (HPA – now Public Health England) estimate 11 and 7 additional daily deaths 
brought forward in England and Wales associated with increased O3 and PM10 
concentrations compared to 2004 (HPA, 2006). Monitoring of PM2.5 concentrations 
only became routine in the UK following the 2008 ambient air quality directive (EU, 
2008) and thus due to lack of data the PM2.5 health burden has not previously been 
quantified for this period.  
Under climate change extreme events such as heatwaves are likely to be 
more frequent, more intense, and last longer (IPCC, 2014). This could give rise to 
increases in the occurrence of air pollution episodes and associated short-term 
health burdens. However, the frequency of air pollution episodes may also be 
affected by climate change through changes in the frequency of large-scale blocking 
episodes which have been shown to decrease in winter and summer over Europe in 
the 21st century (Masato et al. 2013). However the climate-driven relationship 
between changes in blocking and stagnation and hence air pollution episodes 
remains uncertain (Kirtman et al., 2013).  
Nonetheless studying the health impacts associated with air pollution 
episodes for present-day may help quantify the variability of health impacts 
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associated with such air pollution episodes. Hence, in chapter 4, the estimated 
mortality burdens associated with short-term exposure to O3 and PM2.5 for two air 
pollution episodes in July 2006 together with links to the underlying meteorology 
for the air pollution episodes are presented.  
 
1.8 The impact of future emission scenarios on pollutant 
concentrations and the associated health impacts  
 
A number of future emission and climate scenarios have been used in previous 
studies to simulate potential changes in air pollution in the future. The most 
commonly used future emissions scenarios used in global chemistry-climate 
modelling studies are issued by the Intergovernmental Panel on Climate Change 
Fifth Assessment Report (IPCC AR5) and are called Representative Concentration 
Pathways (RCPs). There are four pathways: RCP8.5, RCP6, RCP4.5 and RCP2.6 where 
the numbers refer to radiative forcing in Watts per square metre, for each RCP. 
Each RCP contains a set of estimated emissions of a number of species including CO, 
NOx, NMVOC, BC, OC, SO2, NH3 and CH4 up to 2100, based on assumptions about 
economic activity, energy sources, population growth and other socio-economic 
factors. The total (anthropogenic, shipping, aircraft and biomass burning) global 
emissions for O3 precursors and PM primary and precursors for each RCP are shown 
in Table 1.3.  




For all RCPs, large decreases in primary and precursor emissions of PM and 
O3 are estimated globally following the assumption of more stringent air pollution 
control measures over time (Table 1.3). However, an exception is ammonia (NH3, 
Table 1.3) which increases in nearly all scenarios, and methane (CH4) which 
increases for RCP8.5 (~300.2 in 2000 to 887.6 Tg (CH4)/yr in 2100 under RCP8.5; RCP 
Database: https://tntcat.iiasa.ac.at/RcpDb last accessed 10th September 2018).  
Table 1.3: Total global emission for O3 precursors and aerosols: Tg/(species)/year, except NOx 
emissions expressed as Tg(NO2)/year  Lamarque et al., 2011). 
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Globally, annual mean O3 concentrations are projected to decrease by 2050 
under most RCPs due to reductions in O3 anthropogenic precursor emissions 
especially NOx. However, under RCP8.5 annual global mean increases in O3 
concentrations are projected as a result of elevated abundance of atmospheric CH4 
(Fiore et al., 2009; Wild et al., 2012).  
Previous global scale studies have estimated the impact of future emissions 
changes on O3 concentrations for Europe. Under RCP2.6 and RCP 6.0, Wild et al 
2012 find reductions in annual mean O3 concentrations by 2050 due to decreases in 
O3 precursors but under RCP8.5 project increases of O3 concentrations between 
2000 and 2050 due to increases in CH4 concentrations (as above). Other studies 
over Europe have suggested reductions of O3 concentrations as a result of 
reductions O3 precursor emissions however this signal is not consistent over 
Europe. O3 concentrations are found to increase in regions with high NOx emissions 
(e.g. the Benelux region and the south of the UK) due to the titration effect of NO 
on O3 (R1.6; Section 1.2.1.2) however, overall O3 concentrations decrease 
substantially over Europe (Colette et al., 2012; Hedegaard et al., 2013). More 
recently, Im et al., (2018), suggest an average increase in O3 concentrations for 
Europe as a result of reductions in anthropogenic emissions. Over the UK, Heal et al. 
(2013) used three future scenarios (different to the RCPs) to analyse health burdens 
of surface ozone for 2030 and find that for the ‘worst case’ scenario having high O3 
precursor emissions, O3 concentrations decrease over most of the central England, 
particularly in urban areas (as a result of high NOx emissions under this scenario) 
and increase in rural areas such as much of Scotland.  
Globally, PM2.5 concentrations driven by emissions changes are generally 
estimated to decrease under future scenarios due to reduced primary emissions as 
well as changes in secondary inorganic aerosol emissions. In the Europe, PM2.5 
concentrations are projected to decrease under RCP4.5 due to reductions in 
anthropogenic emissions of Sulphur oxides (SOx) and Black Carbon (BC) (Hedegaard 
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et al., 2013; Im et al., 2018). In the UK, decreases in PM2.5 concentrations are also 
projected in 2030 due to a 30% reduction in emissions of NOx, SOx, VOCs, NH3 and 
primary PM2.5 (Vieno et al., 2016).  
The majority of recent studies focusing on future health burdens associated 
with long-term exposure to O3 and/or PM2.5 concentrations under the RCPs typically 
analyse the combined emission and climate change impacts. For example, in a 
global study, Silva et al. (2016) suggest decreases in the respiratory mortality 
burden associated with long-term exposure to O3 in Europe for all four RCPs in 
2050s relative to 2000s (16,600 to 49,400 annual avoided deaths) driven by 
decreases in O3 concentrations across Europe. Amongst the different studies, the 
overall future health burden is found to depend on projected air pollutant 
concentrations as well as changes in baseline mortality rates and population 
projections with the latter intensifying differences between present-day and future 
estimates (e.g. Silva et al., 2016). Studies looking at the impact of emission changes 
on air pollutant concentrations and the consequent health impacts in the UK are 
limited. This is therefore the focus of Chapter 5.  
 The research aims of this thesis are based on the concepts described in 
Sections 1.6, 1.7 and 1.8 and are described in further detail in Section 1.9.  
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1.9 Outline of research aims and chapters 
 
The goal of this thesis is to perform health impact assessments (HIAs) over Europe 
and the UK using modelled pollutant concentrations for present-day and future. The 
specific aims are:  
(i) to quantify the influence of model horizontal resolution on simulated 
concentrations of ozone (O3) and particulate matter less than 2.5 μm in diameter 
(PM2.5) for Europe and the implications for HIAs associated with long-term exposure 
to these pollutants (Section 1.9.1).  
(ii) to assess the variability in air pollutant concentrations of O3 and PM2.5 during 
two air pollution episodes during a well-known heatwave in July 2006 in the UK 
together with the corresponding attributable fraction (AF) of mortality and 
mortality burden associated with short-term exposure to each pollutant (Section 
1.9.2). The two 5-day air pollution episodes are chosen based on a DAQI reaching a 
‘moderate’ or ‘high’ level and high O3 and PM2.5 concentrations occurring 
concurrently. Further details are presented in Section 4.3.  
 
(iii) to estimate future changes in the AF of mortality and mortality burden 
associated with long-term exposure to O3, NO2 and PM2.5 under future UK emission 
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1.9.1  The influence of model spatial resolution on simulated O3 and 
PM2.5 for Europe: implications for health impact assessments 
(Chapter 3).  
 
Aim: How does a change in model resolution effect simulated O3 and PM2.5 
concentrations over Europe and the corresponding long-term health impacts? 
 
In Chapter 3, one of the key uncertainties, model horizontal resolution, associated 
with HIA is investigated. The impact of horizontal resolution on simulated 
concentrations of O3 and PM2.5 in Europe is examined using a chemistry–climate 
model (CCM) at two different horizontal resolutions: (i) a global (~ 140 km) and (ii) a 
regional (~40 km) resolution. These simulated pollutant concentrations are then 
used to estimate the attributable fraction (AF) of mortality associated with long-
term exposure to summer mean (April-September) daily maximum 8hr running 
mean (MDA8) O3 and annual mean PM2.5 for both resolutions at the European 
country level to analyse the corresponding influence of a change in horizontal 
resolution on O3 and PM2.5 related health impacts.  
 
1.9.2 Mortality associated with O3 and PM2.5 air pollution episodes in 
the UK in 2006 (Chapter 4). 
 
Aim: How do air pollution episodes with high levels of O3 and PM2.5 in 2006 impact 
the short-term exposure to these two pollutants in the UK? 
 
In Chapter 4, the impact of air pollution episodes on the UK health burden in July 
2006 is examined. The Met Office air quality model (AQUM) at a 12 km horizontal 
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resolution is used to simulate O3 and PM2.5 concentrations during two five-day air 
pollution episodes in July 2006 (1st - 5th July and 18th – 22nd July) across the UK. 
The episode days are selected based on days when the Daily Air Quality Index 
(DAQI) was ‘moderate’ to ‘high’ (Section 1.4.1) and with high levels of O3 and PM2.5 
occurring concurrently. Firstly, the driving meteorological factors contributing to 
high levels of simulated O3 and PM2.5 are examined and compared to observations. 
Next, the AF of all-cause mortality and the mortality burdens associated with short-
term exposure to MDA8 O3 and daily mean PM2.5 during each episode in 2006 are 
estimated for each region in England, Scotland and Wales.  
 
1.9.3 Future mortality related health burdens associated with RCP 
emission scenarios for 2050 for the UK (Chapter 5). 
 
Aim: How are simulated air pollutant concentrations of O3, NO2 and PM2.5 and 
associated long-term health impacts in the UK projected to change in the future due 
to UK emission changes in 2050 under the RCP scenarios? 
 
In Chapter 5, the impacts of changes in future emissions on the UK health burden 
are examined. Pollutant concentrations of O3, NO2 and PM2.5 for 2050 (future) are 
simulated using the Met Office air quality model- AQUM (as used in Chapter 4) 
following three emission scenarios that range the whole span of the RCPs. For this 
reason the two extreme scenarios : IPCC RCP2.6 and RCP8.5 are chosen. A middle 
scenario is also chosen, RCP6.0. The other RCP scenario in between RCP2.6 and 
RCP85, RCP4.5 was not included in this thesis as the emission files for 2050 
regridded at 12 km for this scenario were not readily available. Simulated pollutant 
concentrations for 2050 following the different RCPs are compared to simulated 
pollutant concentrations for 2000 (present-day). The present-day and future AF of 
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mortality associated with long-term exposure to annual mean MDA8 O3, NO2 and 
PM2.5 and the corresponding mortality burdens are calculated for each region in the 
UK. In addition the sensitivity of future health burdens to two different population 
scenarios is analysed.  
 
 In the next chapters, the main methods used for this thesis are described in 
Chapter 2 followed by results corresponding to the three research aims discussed 
above in Chapters 3, 4 and 5. A summary of results followed by the main 
conclusions of this thesis are presented in Chapter 6 which includes uncertainties 








Chapter 2 Methods 
 
The overall aim of this thesis is to simulate pollutant concentrations for both 
present-day and future and to examine the corresponding health impacts (Section 
1.9). This is achieved by using a climate model coupled to a chemistry and aerosol 
model referred to as a chemistry-climate model (section 1.3) using different 
configurations listed in Table 2.1. Configurations used in Chapter 3 are described in 
more detail in Section 2.1 and configurations used in Chapters 4 and 5 are described 
in more detail in Section 2.2. The measurements used for evaluating the different 
configurations are described in Section 2.3 followed by a description of the 
methodology used to calculate the health impacts for the respective chapters in 
Section 2.4.   




Table 2.1: Modelling system comparison of the major components between the global, regional 
(HadGEM3-UKCA) and the UK national-scale (AQUM) configurations of the Met Office Unified 
Model (MetUM) 
 Global Regional AQUM 
Horizontal Resolution  1.875° × 1.25° 
(~140 × 140 km) 
0.44° × 0.44° 
(~50 × 50 km) 
0.11° × 0.11° 
(~12 × 12 km) 
Domain Extent Global Most of Europe 
and N. Africa 
UK and nearby 
Western Europe 
Vertical Resolution 63 levels 
(spanning 41 km) 
63 levels 
(spanning 41 km) 
38 levels 
(spanning 39 km) 
Aerosol Scheme CLASSIC CLASSIC CLASSIC 
Gas-phase Chemistry UKCA – ExtTC 
(89 chemical 
species) 
UKCA – ExtTC 
(89 chemical 
species) 
UKCA – RAQ 
(58 chemical 
species) 
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2.1 The global and regional chemistry-climate models 
(HadGEM3-UKCA) 
 
In Chapter 3, the two chemistry–climate configurations used are based on the 
Hadley Centre Global Environmental Model version 3 (HadGEM3, Hewitt et al., 
2011), of the Met Office Unified Model (MetUM, Brown et al., 2012). The various 
components included in the chemistry–climate model used for both configurations 
are illustrated in Fig. 2.1 and consist of: (i) the Global Atmosphere 3.0 (GA3.0; 
Walters et al., 2011) and (ii) the Global Land 3.0 (GL3.0; Walters et al., 2011) 
component of HadGEM3 and (iii) the United Kingdom Chemistry and Aerosol model 
(UKCA, Morgenstern et al., 2009; O’Connor et al., 2014) (Fig. 2.1). At different 
model time steps, exchanges occur between the individual components of the 
chemistry-climate model such as exchanges of meteorology between HadGEM3 and 
air pollutant concentrations in UKCA resulting in coupling of the different 
components of the chemistry-climate model.  
In the next sections the individual components of the chemistry-climate 
model are described in more detail starting with a description of the atmospheric 
and land components of HadGEM3 (Sections 2.1.1 and 2.1.2) followed by a 
description of the gas phase chemistry included in the UKCA model and aerosol 
phase chemistry which forms part of the atmospheric component of HadGEM3 
(Section 2.1.3 and 2.1.4) 




2.1.1 The Atmosphere Component (GA3.0) of the climate-model 
(HadGEM3) 
 
As described previously, the atmospheric component of the chemistry-climate 
model used in Chapter 3 is the Global Atmosphere 3.0 (GA3.0, Walters et al., 2011) 
of the HadGEM3 family (Hewitt et al. 2011). In Chapter 3, two configurations having 
a different horizontal model resolution are used: (i) a global configuration with a 
horizontal resolution of 1.875° × 1.25° (∼ 140 km, Walters et al., 2011) and (ii) a 
regional configuration with a horizontal resolution of 0.44° × 0.44° (∼50 km, 
Moufouma-Okia and Jones, 2014) and a domain covering most of Europe (Fig. 2.2 
blue box; Table 2.1). The global and regional configurations consist of 63 vertical 













Figure 2.1: Schematic diagram of the interactions between components of HadGEM3 and UKCA 
models. Lines indicate how components of the model are coupled to one another, allowing 
exchange of variables (e.g. composition and dynamical processes). 
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lowest model level for both configurations (which is selected as representative of 
surface concentrations throughout this thesis) is at 20 m. While this level is 
considered representative of surface or ground-level concentrations, local 
orographically driven flows or sharp gradients in mixing depths cannot be 
represented at this vertical resolution (Fiore et al., 2009). The sensitivity of 
simulated pollutant concentrations to vertical model resolution within this thesis 
has not been examined. Kushta et al. (2018) suggest that mortality rates due to 
long-term exposure to PM2.5 differ by only 0.6% due to vertical distribution of PM2.5.  
Sea surface temperature (SST) and sea ice extent (SIE) fields are prescribed 
for all simulations performed in Chapter 3 and are used to drive the meteorology. 
The model is therefore referred to as ‘free-running’ (Section 1.3; Table 2.1) with 
lateral boundary conditions (LBCs) from the global resolution (at 6-hourly intervals) 
driving the regional-scale configuration ensuring that the same processes operate at 
the two resolutions. 
 
Figure 2.2: A simplified illustration of the extent of the model domains for the regional 
configuration, plotted in blue and the UK national-scale configuration (AQUM) in red.  
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Within the atmospheric components of the climate model dynamical 
processes enable interactions with other components of the model such as the land 
and UKCA components transporting emissions and pollutants (Fig. 2.1). The 
boundary layer scheme includes parameterisations of turbulent motions and tracer 
mixing in the atmosphere (Brown et al., 2008; Lock, 2001; Lock et al., 2000). This 
parameterisation represents mixing over the full depth of the troposphere and not 
solely within the boundary layer. The convection scheme represents sub-grid scale 
transport of heat, moisture and momentum associated with cumulus clouds within 
a grid-box (Gregory and Rowntree, 1990). Large-scale transport of tracers use the 
MetUM dynamical core (Davies et al., 2005) with advection of tracers following 
Priestley (1993).  
The formation and evolution of precipitation due to grid scale processes is 
parametrized by the microphysics or large-scale precipitation scheme (Wilson and 
Ballard, 1999), while small scale precipitation is represented by the convection 
scheme outlined above. Shortwave and long-wave radiation drive atmospheric 
processes by supplying energy to the atmosphere. These are parameterized by the 
radiation scheme (Edwards and Slingo, 1996; Cusack et al., 1999).  
The GA3.0 configuration incorporates an interactive aerosol scheme, 
CLASSIC (COUPLE Large-scale Aerosol Simulator for Studies in Climate, Jones et al. 
(2001); Bellouin et al. (2011)). The aerosols can influence the atmospheric cloud and 
radiative properties referred to as aerosol-cloud and aerosol-radiation interactions. 
CLASSIC is described in further detail in Section 2.1.4.  
Gaseous chemistry is simulated by the UKCA (Morgenstern et al., 2009; 
O’Conner et al., 2014) and described in Section 2.1.3. Coupling between the 
HadGEM3-GA3.0 and UKCA models allows the inclusion of gases in the dynamical 
processes described above. These can also feedback onto climate via changes in 
radiation and cloud properties.  
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2.1.2 The Land-surface component (GL3.0) of the climate model 
(HadGEM3) 
 
Different parameters such as heat and moisture as well as exchanges of greenhouse 
gases and biogenic emissions from vegetation are represented in the atmospheric 
boundary layer through exchanges of fluxes between the land surface (GL3.0) and 
the atmosphere (GA3.0; Section 2.1.1). The land-surface component of HadGEM3 
uses a land surface model called JULES (Joint UK Land Environment Simulator, (Clark 
et al., 2011)Best et al., 2011; Clark et al., 2011) which models all processes at the 
land-surface and in the sub-surface soil. The surface of each land point within JULES 
is subdivided into five types of vegetation: broadleaf, trees, needleleaf trees, 
temperate C3 grass, tropical C4 grass and shrubs and four non-vegetated surface 
types: urban areas, inland water, bare soil and land ice. Within JULES, emissions of 
biogenic volatile organic compounds (BVOCs) are calculated interactively using the 
iBVOC emissions model Pacifico et al. (2011). Isoprene emissions throughout this 
thesis are calculated interactively using this scheme.  
 
2.1.3 Gas-phase chemistry-scheme (ExtTC) within the UKCA model 
 
The concentrations of gas-phase species in the UK Chemistry and Aerosol model 
(UKCA, Morgenstern et al., 2009; O’Connor et al., 2014) are determined by various 
atmospheric and chemical processes which include emissions, transport (Section 
2.1.1), chemical production, chemical removal and deposition. The chemical 
production and loss processes that relate to NO2 and O3 are described in Section 
1.2.1. The chemistry scheme used for both configurations in Chapter 3 is the UKCA 
Extended Tropospheric Chemistry (UKCA-ExtTC) scheme (Folberth et al., In prep.) 
which is an extension to the TropIsop chemistry scheme (O’Connor et al., 2014) and 
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includes 89 chemical species (Table 2.1). The scheme includes 198 reactions with 45 
photolysis reactions and includes odd oxygen (Ox), odd nitrogen (NOy), odd 
hydrogen (HOx, OH+HO2), and carbon monoxide (CO). It also includes a number of 
hydrocarbons such as methane (CH4), ethane (C2H6), propane (C3H8) and isoprene 
(C5H8). The UKCA-ExtTC scheme also considers the degradation pathways of C2 and 
C3 alkenes, C4+ alkanes, terpenes, and aromatic compounds (e.g. benzene). 
Hydrogen (H2), CO2, oxygen (O2), and nitrogen (N2) have fixed global concentrations. 
Photolysis rates are prescribed for the global and regional configurations in Chapter 
3 using the (offline) 2-D photolysis scheme (O’Connor et al., 2014). The 
anthropogenic and biomass burning emissions used in Chapter 3 are described in 
Section 3.2.1. The wet deposition scheme in UKCA for gas-phase species is 
parameterized following a scheme originally developed by (Walton et al, 1988). Dry 
deposition of gaseous species is based on Wesely (1989).  
 
2.1.4 Aerosol-phase scheme within GA3.0 - CLASSIC 
 
The HadGEM3 mass-based aerosol scheme is called CLASSIC and includes a 
numerical representation of up to eight tropospheric aerosol species: ammonium 
sulphate and ammonium nitrate aerosols, mineral dust, sea salt, fossil fuel black 
carbon (FFBC or soot), fossil fuel organic carbon (FFOC), biomass burning aerosols 
and secondary organic aerosol (SOA) which are illustrated in Fig. 2.3 and described 
in further detail below. Each species within CLASSIC is associated with a dedicated 
aerosol scheme, however some aspects are shared. Emissions or chemical 
production of species which are calculated interactively include: mineral dust 
(Bellouin et al., 2007; Woodward, 2001), sea salt (Jones et al., 2001), and nitrate 
aerosols (Bellouin et al., 2011). Emissions for the other species are prescribed. 
Transported species undergo boundary layer and convective mixing and are 
removed by dry and wet deposition (Section 1.2.2) and representation of these 
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processes defers for different species (e.g. wet deposition of FFBC follows Roberts 




In CLASSIC each aerosol species is generally divided into two modes but for 
soluble species (e.g. sulphate), another tracer is used to represent the aerosol mass 
incorporated into cloud water. The two modes are characterized by different size 
classes: aitken and accumulation mode (Section 1.2.2). For the case of soot and 
biomass burning aerosol, these two modes are defined as fresh or aged aerosol (Fig. 
2.3). Biomass burning includes the sum of biomass burning black carbon and 
biomass burning organic carbon, which differs from most existing aerosol schemes 
as they generally simulate both these components independently.  
Figure 2.3: A simplified schematic showing tropospheric species included in the CLASSIC aerosol 
scheme (adapted from (Mann and Carslaw, 2011) 
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Sea-salt, mineral dust and biogenic aerosol are three species which are 
treated somewhat differently from the other aerosol species in CLASSIC. Sea-salt 
aerosols are parameterized as a function of near- surface wind speed over the 
ocean. However, sea salt is only emitted but not transported in the model version 
used for this thesis. SOA concentrations are prescribed. Mineral dust is modelled 
across six size bins (covering radii from 0.0316 µm to 3.16 µm) to incorporate the 
vast range of size classes of this species (Johnson et al., 2010; Pringle and Mann, 
2011; Woodward, 2001) and is transported and deposited through gravitational 
settling, turbulent mixing and below-cloud scavenging. Ammonium sulphate forms 
part of the interactive sulphur cycle of HadGEM3 (Jones et al., 2001; Roberts and 
Jones, 2004) which is not included in the ExtTC (Section 2.1.3) but is included in 
CLASSIC.  
The model has two-way coupling of oxidants between the aerosol and gas 
phase chemistry schemes such that emissions for SO2 and DMS are oxidised into the 
sulphate aerosol (Section 1.2.2.1) by oxidants whose concentrations are calculated 
using the ExtTC chemistry scheme (Section 2.1.3). The depleted oxidant 
concentrations are then passed back to the ExtTC scheme to ensure consistency. In 
the presence of ammonia (NH3), ammonium sulphate (NH4)2SO4 is produced on 
reaction with sulphuric acid (H2SO4) (R.16). Ammonium nitrate is formed through 
the equilibrium reaction between nitric acid (HNO3) (formed in reaction R1.11 by 
reaction with OH; section 1.2.1.2) and NH3 to form ammonium nitrate (NH4NO3) 
(R1.15). This reaction is highly dependent on the relative humidity and temperature 
(Bellouin et al., 2011). 
Thus nitric acid competes with sulphuric acid for available NH3 however 
sulphuric acid is favoured due to its low vapour pressure (Section 1.2.2.1) (Bellouin 
et al., 2011).  
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2.2 The UK air quality Model (AQUM) 
 
The UK air quality model - AQUM (Air Quality in the Unified Model) is also based on 
the MetUM and is used in Chapter 4 and Chapter 5 of this thesis with individual 
model components linked in a similar way to HadGEM3-UKCA (Fig. 2.1). The 
development of AQUM builds on the work of the United Kingdom Chemistry and 
Aerosol (UKCA) project (Morgenstern et al., 2009; O’Connor et al., 2014; Section 
2.1.4). A full description of the model can be found in Savage et al. (2013) but is 
described briefly below. In the next sections the atmospheric component of AQUM 
is first presented (Section 2.2.1) followed by a description of the gas and aerosol–
phase chemistry schemes used in AQUM (Sections 2.2.2 and 2.2.3). A brief 
description of the LBCs used is given in Section 2.2.4 followed by a brief explanation 
of the Statistical Post Processing technique (SPPO) used to bias correct AQUM air 
pollutant concentrations. The emissions used in Chapters 4 and 5 together with the 
model set-up are described in the respective chapters.  
 
2.2.1  Atmospheric component of AQUM 
 
AQUM has a model horizontal resolution of 0.11° × 0.11° (~ 12 km) covering most of 
Western Europe (Fig. 2.2) and with a native grid on a rotated-pole coordinate 
system with the North Pole at latitude 37.5° and longitude at 177.5°. The model 
vertical resolution has 38 vertical levels reaching 39 km (Table 2.1). Boundary layer 
mixing within AQUM is parameterized following Lock et al. (2000). Convection is 
represented with a mass flux scheme and includes downdraughts and momentum 
transport (Gregory and Rowntree, 1990). Large-scale transport of tracers use the 
MetUM dynamical core (Davies et al., 2005) with advection of tracers following 
Priestley (1993). Microphysics from Wilson and Ballard (1999) is employed and 
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includes ice and snow, rain and graupel. The land surface scheme follows Essery et 
al. (2003). This configuration is used in Chapter 4 and 5.  
 
2.2.2  Gas-phase chemistry in AQUM 
 
The AQUM gas phase chemistry builds on the UKCA tropospheric chemistry 
scheme (O’Connor et al., 2014) with the inclusion of a new chemistry scheme called 
the Regional Air Quality (RAQ) scheme. The RAQ scheme includes 58 chemical 
species, 116 gas phase reactions and 23 photolysis reactions. The on-line photolysis 
scheme Fast-JX (Neu et al., 2007) is used for AQUM which differs from that used in 
the global and regional configurations described in Section 2.1.3. The sensitivity of 
surface O3 to the choice of photolysis scheme was assessed in previous studies 
(Neal et al., 2017; O’Connor et al., 2014; Telford et al., 2013).  
The RAQ scheme includes the oxidation of both C2-C3 alkenes (e.g. ethane 
and propene), isoprene and aromatic compounds such as toluene and o-xylene, as 
well as the formation of organic nitrate. It is adapted from Collins et al. (1997) with 
additional reactions described in Collins et al. (1999). Similar to the ExtTC chemistry 
scheme (section 2.1.3), sulphur chemistry is not included in the RAQ scheme 
however it is included in the aerosol scheme described in the next section (Section 
2.2.3). Removal by wet and dry deposition is considered for 19 and 16 species 
respectively and is based on Savage et al. (2013). 
 
2.2.3  Aerosols in AQUM - CLASSIC 
 
The aerosol scheme used by AQUM is the same aerosol scheme to that used in the 
global and regional model configurations described in section 2.1.4 – CLASSIC 
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containing eight tropospheric aerosol types (Bellouin et al., 2011) with two-way 
coupling of oxidants between the aerosol and gas phase chemistry schemes 
(Section 2.1.4).  
2.2.4  Lateral boundary conditions 
 
Lateral boundary conditions (LBCs) in AQUM provide a combination of chemistry 
and aerosol data from GEMS (Global and regional Earth-system Monitoring using 
Satellite and in-situ data; between 01-05-2006 and 01-01-2008) or MACC 
(Monitoring Atmospheric Composition and Climate; between 26-12-2005 and 01-
05-2006) reanalyses (Flemming et al., 2009). These reanalysis data from GEMS and 
MACC are used to provide boundary conditions for the composition fields. AQUM 
initialisation and LBCs for meteorology are from the global MetUM weather 
forecast fields at a horizontal resolution of ~17 km (Table 2.1).  
 
2.2.5  The Statistical Post Processing Technique (SPPO)  
 
Neal et al. (2014) have developed a bias correction technique, whereby simulated 
concentrations are related to measurements, referred to as the Statistical Post-
Processing for Observations (SPPO, Neal et al., 2014). For bias correction at 
individual sites the difference between simulated and measured concentrations at 
AURN (Automatic Urban and Rural Network) sites in the UK (Section 2.3) is 
calculated, applying a correction technique to smooth out any extreme values. This 
difference is termed the median residual (equation 2.1).  
𝑟𝑖,𝑡 = 0.5 (𝑜𝑖,𝑡  −  𝑚𝑖,𝑡) + 0.5 (𝑚𝑒𝑑𝑖𝑎𝑛𝑗∈𝑆[𝑜𝑗,𝑡 − 𝑚𝑗,𝑡]) (2.1) 
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Where 𝑜𝑖,𝑡 and 𝑚𝑖,𝑡 are the observed and modelled concentrations at site 𝑖 and 
time 𝑡. The second term of equation 2.1 includes the median of the difference 
between observation and modelled concentrations at all sites of the same 
classification -remote, rural suburban and urban background site types are used. 
Observational data within the AURN network are only available for a limited 
number of sites therefore only residuals at these stations can be calculated. Hence, 
for bias correction across the whole AQUM grid (Fig 2.2), spatial interpolation is 
performed across the model grid using the Ordinary Kriging technique. The bias 
corrected pollutant concentrations are then calculated by adding the residual to the 
raw model field. Further details on the SPPO methodology can be found in Neal et 
al. (2014). The SPPO technique is applied to the pollutant concentrations quoted in 
the health section of Chapter 4 (Section 4.5). 
 
2.3  Measurements used for model evaluation 
 
In Chapters 3 and 4 simulated air pollutant concentrations and meteorological fields 
are compared to observations for model evaluation. The observations used in each 
of these chapters are described below.  
In Chapter 3, modelled seasonal mean O3 and PM2.5 concentrations for 2007 
are evaluated using measurement data from the European Monitoring Evaluation 
Programme (EMEP) network (ebas.nilu.no; last accessed 6th September 2018). All 
EMEP stations are classified based on a specific distance away from emission 
sources so as to be representative of larger areas. For example the minimum 
distance from large pollution sources such as towns and power plant is ~ 50 km ( 
Tørseth et al., 2012; EMEP/CCC, 2001). A sub-set of the available EMEP O3 
measurement sites is chosen with an altitude less than or equal to 200 m above sea 
level to focus on near-surface comparisons between measurements and simulated 
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O3 concentrations (52 sites – Fig. 2.4). As there are fewer measurements of PM2.5 
for 2007, all available EMEP measurement sites are used for PM2.5 evaluation (25 
sites – Fig. 2.4).  
 
 
In Chapter 4, modelled MDA8 O3 and daily mean PM2.5 concentrations for 2006 in 
the UK are evaluated against measurements from the Automatic Urban and Rural 
Network (AURN) (https://uk-air.defra.gov.uk/data/data_selector last accessed 6th 
September 2018). Measurements for PM2.5 concentrations for this period are only 
Figure 2.4: EMEP measurement stations with altitude less than or equal to 200 m, used for 
seasonal mean surface O3 comparison to modelled concentrations (52 sites – red) and EMEP 
measurement stations used for seasonal mean PM2.5 comparison to modelled concentrations (25 
sites - blue)  
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available at three sites: London Bloomsbury (urban background), Rochester Stoke 
(south east UK, rural background) and Harwell (south east UK, rural background). 
For meteorological fields, wind measurements for 2006 were only recorded at 
Rochester Stoke, therefore this site is used to show temporal variability in modelled 
and observed pollutant concentrations and meteorological variables in Sections 4.3 
and 4.4.1. Surface temperatures are not recorded for any of the three AURN sites, 
therefore observed temperatures at the three closest sites to these air pollution 
measurement sites from the Met Office Integrated Data Archive System (MIDAS) 
network (MetOffice, 2012) are used (located at St James Park, London, East Malling 
and Upper Lambourn). Site locations from the AURN and MIDAS networks are 
illustrated in Fig. 4.3 and Fig. 4.5, respectively.  
 
2.4  Health impact assessments 
 
The method for calculating the health impact assessments associated with exposure 
to air pollutants for Chapters 3, 4 and 5 is similar in terms of the health metrics 
calculated but with variations depending on, for example, the temporal scale (i.e. 
long-term vs. short-term exposure), spatial scale (i.e. at the European country or UK 
regional level) and concentration-response functions (CRFs) used. The individual 
health impact assessment details used for Chapter 3, 4 and 5 are shown in Table 1.2 
and are described below (Sections 2.4.1 – 2.4.3). Finally, in Section 2.4.4, the 
method for estimating the 95% confidence interval of differences in the 
Attributable Fraction (AF) of mortality is presented.  
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2.4.1  Health impacts associated with long-term exposure to O3 and 
PM2.5 (Chapter 3) 
 
In Chapter 3, the attributable fraction (AF) of respiratory and all-cause (excluding 
external) mortality associated with long-term exposure to pollutant concentrations 
of O3 and PM2.5 is estimated following equations 2.2 to 2.4 analogous to Section 
1.5.1 (equations 1.2 and 1.3). These calculations are conducted for pollutant 
concentrations simulated at both the global and the regional model configurations 
described in Section 2.1.  
 
𝐴𝐹𝑦 =  
𝑅𝑅𝑦−1 
𝑅𝑅𝑦
    (2.2) 
where  
𝑅𝑅𝑦 = exp (𝐶𝑅𝐹 × 𝑥𝑦)  (2.3) 
and  
𝑥𝑦 =  
∑ (𝑥𝑗 × 𝑝𝑗)𝑗 ∈ 𝑦   
∑           𝑝𝑗     𝑗 ∈ 𝑦
   (2.4) 
 
In equation 2.2, 𝐴𝐹𝑦  is the attributable fraction of the baseline mortality associated 
with long-term exposure to air pollutant concentrations, calculated at the European 
country level, 𝑦. The method for conducting the health impact assessment in 
Chapter 3 is the same as that used by other studies described in Section 1.5.1 but 
conducted at the European country level instead of for example the grid cell level 
(Anenberg et al., 2009). In equations 2.2 and 2.3, 𝑅𝑅𝑦 is the relative risk of mortality 
associated with long-term exposure to warm season (O3) or annual mean (PM2.5) air 
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pollutant levels for each country. In equation 2.3, CRF is the concentration-response 
function (termed  in equation 1.3; section 1.5.1) and 𝑥𝑦 is the population-weighted 
pollutant concentration also at the country level, 𝑦. The effect of a threshold for O3 
is included in equation 2.4 (described below).  
The CRF (equation 2.3) varies depending on the air pollutant and the 
temporal scale at which the health impact assessment is being conducted (Section 
1.4.3 and Table 1.2). In Chapter 3 the CRF used for long-term exposure to O3 is 
based on recommendations by the HRAPIE (Health Risks of Air Pollution in Europe) 
project (WHO, 2013; Section 1.4.4). The value recommended by HRAPIE for the CRF 
(Equation 2.3) for the effects of long-term O3 exposure on respiratory mortality is 
1.014 (95% Confidence Interval (CI) = 1.005, 1.024) per 10 µg m-3 increase in daily 
maximum 8-hour running mean (MDA8) O3 during the warm season (April-
September in the northern hemisphere) with a threshold of 70 µg m-3 (Table 1.2). In 
Chapter 3, the AF of respiratory mortality associated with long-term exposure to O3 
is also estimated based on annual mean O3 concentrations and CRFs from Turner et 
al. (2015) of 1.06 (95% CI = 1.04, 1.08) per 10 µg m-3 increase in MDA8 O3 and a 
threshold of 53.4 µg m-3 (The CRF from Turner et al. (2015) is also used in Chapter 5; 
Section 2.4.3). 
For estimating the AF of all-cause (excluding external) mortality associated 
with long-term exposure to PM2.5 (in Chapter 3), HRAPIE (WHO 2013) recommends 
a CRF of 1.062 (95% CI = 1.040, 1.083) per 10 µg m-3 increase in annual average 
concentrations (with no threshold; Section 1.4.4; Table 1.2). As the CRFs used for O3 
and PM2.5 are from the American Cancer Society (ACS) cohort (section 1.4.4), the 
estimates in Chapter 3 exclude people younger than 30 years.  
The population-weighted pollutant concentrations, 𝑥𝑦 for Chapters 3 are 
calculated by first counting the total residential gridded population data for people 
aged 30 years and over (𝑝, at a resolution of 5 km (GWPv3-Gridded Population of 
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the World version 3), obtained from the Socioeconomic Data and Applications 
Centre (SEDAC) (sedac.ciesin.columbia.edu, last accessed 6th September 2018) 
within each global or regional model grid cell, 𝑗 (equation 2.4). This population total 
(𝑝𝑗) is then multiplied by the pollutant concentration within each grid cell 𝑥𝑗, 
summed over every grid cell within the country, 𝑦, and divided by the total 
population of the country. For O3, a threshold of 70 µg m
-3 is subtracted from the 
simulated O3 concentration in each grid cell, 𝑗, before multiplication by the 
population of that grid cell (any negative concentrations are set to zero). When 
using the CRF from Turner et al. (2015) a threshold of 53.4 µg m-3 is subtracted 
instead.  
 
As the focus of Chapter 3 is the effects of changing resolution on pollutant 
concentrations, the estimated attributable mortality associated with each pollutant 
is not estimated (as done in chapters 4 and 5). This is because mortality estimates 
also depend on the underlying baseline mortality (equation 1.1; Section 1.5.1) 
which vary for each country in Europe and thus may mask any signal related to the 
influence of model resolution on pollutant concentrations and corresponding health 
impacts. In this way, the effect of model resolution on health impacts can be 
isolated in Chapter 3. 
 
2.4.2  Health impacts associated with short-term exposure to O3 and 
PM2.5 (Chapter 4) 
 
In chapter 4, mortality burden and the AF of mortality associated with short-term 
exposure to O3 and PM2.5 are estimated (Section 1.4.4) using pollutant 
concentrations simulated by the AQUM model described in Section 2.2. The method 
used is similar to that used to estimate long-term health impacts (Section 2.4.1) 
with the main difference being the CRF used (Table 1.2) and that the calculation for 
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short-term health impacts is conducted daily while long-term health impacts are 
typically calculated seasonally or annually (Section 2.4.1).  
The mortality burdens during two five-day air pollution episodes are 
estimated in Chapter 4. The estimated health burdens attributable to short-term 
exposure to MDA8 O3 and daily mean PM2.5 in Chapter 4 are calculated following 
equation 2.5 for each of the nine Government Office Regions (GORs) in England, 
Scotland and Wales (𝑟) (Fig. 2.5). This is analogous to equation 1.6 (Section 1.5.1):  
𝑀𝑟 =  ∑ 𝐵𝑀𝑖𝑟  ×  𝐴𝐹𝑖𝑟
𝑁
𝑖=1    (2.5) 
In equation 2.5, 𝑀𝑟 is the all-cause (excluding external) mortality associated with 
short-term exposure to MDA8 O3 or daily mean PM2.5 for each region, 𝑟 (Fig. 2.5) 
summed over each day of the air pollution episode, 𝑖; 𝑁 is the total number of days 
in the air pollution episode, 𝐵𝑀𝑖𝑟 is the total regional daily (all-cause) mortality (i.e. 
the total recorded deaths associated with all exposures and causes) and 𝐴𝐹𝑖𝑟 is the 
daily attributable fraction associated with short-term exposure to MDA8 O3 or daily 
mean PM2.5 that is calculated for each region using equation 2.6. In Chapter 4, daily 
all-cause 𝐵𝑀𝑖𝑟 for each region was obtained from the Office of the National 
Statistics for England and Wales (ons.gov.uk, last accessed 6th September 2018) and 
from the National Records of Scotland (nrscotland.gov.uk). 




The daily (𝑖) AF (𝐴𝐹𝑖𝑟) of mortality is estimated in Chapter 4 following 
equation 2.6 for each of the nine GORs in England, Scotland and Wales (𝑟) (Fig. 2.5). 
𝑅𝑅𝑖𝑟 in equation 2.7 is the relative risk calculated following equation 1.7 
(Section1.5.1), which is analogous to equation 2.3 but calculated per day (𝑖) and for 
each region (𝑟). In equations 2.7 and 2.8, 𝑥𝑖𝑟 is the population-weighted pollutant 
concentration for each region 𝑟 and each day of the episode 𝑖.  
𝐴𝐹𝑖𝑟 =  
𝑅𝑅𝑖𝑟−1 
𝑅𝑅𝑖𝑟
    (2.6) 
Where 
𝑅𝑅𝑖𝑟 = exp (𝐶𝑅𝐹 × 𝑥𝑖𝑟)   (2.7) 
Figure 2.5: Government Office Regions (GOR) for England, Scotland and Wales used in this 
thesis (Chapter 4 and 5) 
 




𝑥𝑖𝑟 =  
∑ (𝑥𝑖𝑗 × 𝑝𝑖𝑗)𝑗 ∈ 𝑟   
∑           𝑝𝑗     𝑗 ∈ 𝑟
    (2.8) 
 
The CRFs used in Chapter 4 for short-term exposure to MDA8 O3 and daily 
mean PM2.5 are taken from COMEAP (2015) and from a meta-analysis of time series 
epidemiological studies (Atkinson et al., 2014), respectively (Section 1.4.4, Table 
1.2). For health impacts associated with short-term exposure to O3, a CRF of 1.0034 
(95% CI: 1.0012, 1.0056) per 10 µg m-3 increase in MDA8 O3 is used, and for health 
impacts associated with short-term exposure to PM2.5, a CRF of 1.0104 (95% CI: 
1.0052, 1.0156) per 10 µg m-3 increase in 24-hr mean PM2.5 is applied (Table 1.2). 
Evidence for a threshold below which no adverse effects from short-term exposure 
to O3 and PM2.5 is limited, therefore the full range of pollutant exposure is used to 
calculate the health burdens which applies for all ages (COMEAP, 1998, 2015b; 
Table 1.2).  
 
2.4.3 Health impacts associated with long-term exposure to O3, NO2 
and PM2.5 (Chapter 5) 
 
In Chapter 5, the mortality burdens associated with long-term exposure to 
annual mean concentrations of MDA8 O3, NO2 and PM2.5 are estimated for each of 
the nine GORs in England, Scotland and Wales (𝑟) and for both present-day and 
future using a similar equation to that used in Chapter 4 (equation 2.5) given by 
equation 2.9. 
 
𝑀𝑟 =  𝐵𝑀𝑟  ×  𝐴𝐹𝑟      (2.9) 
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Where 𝐵𝑀𝑟 is the annual regional baseline respiratory or all-cause mortality data 
and 𝐴𝐹𝑟  is the annual regional AF of respiratory or all-cause mortality depending on 
the pollutant. Equation 2.9 is also analogous to equation 1.1 (Section 1.5.1) with 
𝐵𝑀𝑟 (equation 2.9) representing the product of the baseline mortality rate 𝑦0 and 
the size of the exposed population 𝑃𝑜𝑝 in equation 1.1. 
Baseline mortality data is obtained from the Office of the National Statistics 
for England and Wales (ons.gov.uk, last accessed 6th September 2018) and from the 
National Records of Scotland (nrscotland.gov.uk, last accessed 6th September 2018) 
of which only ages above 30 years were considered. Baseline mortality data is kept 
at present day levels for both present day and future mortality estimates. To 
quantify differences in health burdens between the present-day and future, the 
present-day mortality burden is subtracted from the future mortality burden (ie 
𝑀𝑟 𝐹𝑢𝑡𝑢𝑟𝑒 − 𝑀𝑟 𝑃𝐷). 
 The AF of respiratory (O3) and all-cause (excluding external) (NO2 and PM2.5) 
mortality associated with long-term exposure to O3, NO2 and PM2.5 is estimated for 
both present-day and future using simulated pollutant concentrations from AQUM 
(Section 2.2). The method is identical to that described in Section 2.4.1 however 
health estimates are conducted for each of the nine GORs in England, Scotland and 
Wales (𝑟) instead of the European country level as given by equations 2.10 to 2.12.  
𝐴𝐹𝑟 =  
𝑅𝑅𝑟−1 
𝑅𝑅𝑟
    (2.10) 
where  
𝑅𝑅𝑟 = exp (𝐶𝑅𝐹 × 𝑥𝑟)  (2.11) 
and  
𝑥𝑟 =  
∑ (𝑥𝑗 × 𝑝𝑗)𝑗 ∈ 𝑟   
∑           𝑝𝑗     𝑗 ∈ 𝑟
   (2.12) 




The CRF used in equation 2.11 for the effects of long-term O3 exposure on 
respiratory mortality is taken from Turner et al. (2015) and is 1.06 (95% Confidence 
Interval (CI) = 1.04,1.08) per 10 µg m-3 increase in annual mean MDA8 O3 
concentrations with a threshold of 53.4 µg m-3 (Table 1.2, Section 1.4.4). A different 
CRF is used for O3 health effects in Chapter 5 compared to the main analysis in 
Chapter 3 (and in turn a different pollutant averaging period is used) as mortality 
data, required to estimate the mortality burden (i.e. equation 2.9), stratified by age 
and region was only available annually and not by month or season.  
The health impacts associated with long-term NO2 exposure for all-cause 
(excluding external) mortality, are estimated using the CRF (equation 2.11) 
suggested by COMEAP (2015) of 1.025 (95% CI = 1.01,1.04) per 10 µg m-3 increase in 
annual mean NO2 concentrations (with no threshold) (Table 1.2, Section 1.4.4). NO2 
health impacts relating to long-term exposure are not estimated in Chapter 3 due to 
the relatively coarse model horizontal resolutions (global and regional) used.  
The AF of all-cause (excluding external) mortality associated with long-term 
exposure to PM2.5 is estimated using, the same CRF as that used in Chapter 3 (1.062 
(95% CI = 1.040,1.083)) per 10 µg m-3 increase in annual average concentrations 
with no threshold) (Section 1.4.4 Table 1.2). The population data used in Chapter 5 
for both present day and future estimates in equation 2.12 is also consistent to that 
used in Chapters 3 and 4. Therefore the changing age structure of the population is 
not taken into account.  
The sensitivity of future health burdens to future population growth 
projections is also estimated in Chapter 5. This is explained in detail in Chapter 5 
(Section 5.2.5).  
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2.4.4  95% confidence intervals representing uncertainties associated 
only with the CRF 
 
The 95% confidence intervals (CI) for the estimated AF of mortality associated with 
pollutant exposure are estimated by repeating the calculation for the AF of 
mortality (e.g. equation 2.2) using the low and high limit of the 95% CI of the 
respective CRF (Table 1.2). The equations provided in this section were obtained 
from Adam Butler (personal communication) of the biomathematics and Statistics 
Scotland and based on von Storch and Zwiers (1999) 
For each of the CRFs used in this thesis, only the 95% CI are quoted in 
epidemiological studies with no information on the standard error. The latter is 
required to approximately calculate the 95% CI of the difference in AF of mortality 
between for example the global and regional estimates (Chapter 3) or between the 
present-day and future estimated (Chapter 5). The 95% CI of the differences in AF of 
mortality are therefore estimated by first deriving the standard error for each of the 
two groups (𝑆𝐸𝑔; 𝑔 = group) being compared (e.g. global and regional AF estimates) 
with the assumption that the means are normally distributed following equation 
2.13:  
𝑆𝐸𝑔 =
(𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 95% 𝐶𝐼)
3.92
           (2.13) 
The standard error of the differences (𝑆𝐸𝑑) is then estimated following equation 
2.14; with 𝑆𝐸1
2 and 𝑆𝐸2
2 representing the standard errors of the two groups being 
compared each calculated following equation (2.13). 
𝑆𝐸𝑑 = √𝑆𝐸1
2 +  𝑆𝐸2
2          (2.14) 
Equation 2.9 follows from the additivity of variances and relies on the assumption 
that the means of the two groups are independent. The 95% CI of the differences 
(95% 𝐶𝐼𝑑) is then calculated by first multiplying the 𝑆𝐸𝑑 by 1.96 (again under the 
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assumption that the mean of each group has a normal distribution). This value is 
then subtracted and added to the mean difference between the two groups (i.e. the 
mean difference between for example global and regional AF estimates) to get the 
low and high limits of the 95% CI, respectively following equation 2.15. 
95% 𝐶𝐼𝑑 = (𝑀𝑒𝑎𝑛 𝑑𝑖𝑓𝑓. − 1.96 ∗ 𝑆𝐸𝑑   , 𝑀𝑒𝑎𝑛 𝑑𝑖𝑓𝑓. + 1.96 ∗ 𝑆𝐸𝑑 )   (2.15) 
In the following chapters, the results associated with the three research aims of this 
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A substantial number of epidemiological studies have derived risk estimates for 
mortality associated with long-term exposure to ambient fine particulate matter 
with aerodynamic diameter less than 2.5 µm (PM2.5) ( Krewski et al., 2009;Brook et 
al., 2010; WHO, 2013) and also recently, to a lesser extent, for long-term exposure 
to ozone (O3) ( Jerrett et al., 2009; Forouzanfar et al., 2016; Turner et al., 2016)(see 
Section 1.1). Differences in risk estimates produced from different epidemiological 
studies can be due to differences in methodologies, air pollution and health data 
used including the size and spatial extent of cohort populations. For O3, these long-
term risk estimates are derived from North American studies (Section 1.4.4). In this 
region O3 data is typically monitored only during the O3 season (April-September), 
hence these derived O3-risk estimates apply only to the ozone occurring in the 
warm season part of the year (Section 1.4.4). 
Air pollutant exposure estimated from concentrations measured at fixed 
monitoring stations, is often used to estimate health impacts at the cohort-scale 
(Section 1.5.1). However, quantifying the adverse health effects of air pollution at 
the continental-scale requires atmospheric models (with resolutions ranging from 
~250 to 50 km) to simulate pollutant spatio-temporal distributions across these 
scales (e.g. West et al. 2009; Anenberg et al. 2010; Fang et al. 2013; Silva et al. 
2013; Lelieveld et al. 2015, Malley et al., 2017) (see Section 1.5.1). Amongst a 
number of factors, simulated air pollutant concentrations may vary depending on 
the three-dimensional chemistry model used, its set-up and the model resolution 
(e.g. Markakis et al. 2015; Schaap et al. 2015; Yu et al. 2016; Neal et al. 2017). 
Although the same model processes are represented at different model resolutions, 
simulated pollutant concentrations can vary due to differences in (i) the resolution 
of emissions, which may have a nonlinear effect on the chemical formation of 
pollutants, and (ii) the resolution of the driving meteorology (Valari and Menut 
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2008; Tie et al. 2010; Arunachalam et al. 2011; Colette et al. 2013; Markakis et al. 
2015; Schaap et al. 2015).  
The impact of model horizontal resolution on simulated O3 concentrations 
has been primarily linked to less dilution of emissions when using a finer resolution 
(Valari and Menut 2008; Tie et al. 2010; Colette et al. 2013; Stock et al. 2014; 
Schaap et al. 2015) (see Section 1.3 and 1.6). Investigating the impact of increasing 
model horizontal resolution from 48 km to 6 km on O3 concentrations in Paris, 
Valari and Menut (2008) found modelled surface O3 to be more sensitive to the 
resolution of input emissions than to meteorology. A number of other studies note 
the sensitivity of simulated O3 to simulated nitrogen oxide (NOx) concentrations 
that determine the extent of titration of O3 by nitrogen monoxide (NO) (Stock et al., 
2014; Markakis et al., 2015; Schaap et al., 2015) (Section 1.2.1.2). Furthermore, 
Stock et al. (2014) found the impact of spatial resolution (150km vs. 40km) on 
simulated O3 concentrations to vary with season across Europe. In winter, higher 
NOx concentrations produced more pronounced titration effects on O3 at 40 km 
resolution with a mean bias error (MBE) of 3.2%, leading to lower O3 concentrations 
than at 150 km resolution (MBE = 14.4%). In summer, although similar results were 
found for O3 concentrations simulated at the coarse (MBE = 29.7%) and fine 
resolution (MBE = 32.8%) simulated boundary layer height was suggested to be 
largely responsible for the spatial differences in O3 concentrations at the two 
resolutions. 
PM2.5 concentrations have also been found to be sensitive to the model 
horizontal resolution (Arunachalam et al. 2011; Punger and West 2013; Markakis et 
al. 2015; Neal et al. 2017) (Section 1.6). In the US., Punger and West (2013) found 
population-weighted annual mean PM2.5 concentrations to be 6% higher at 36 km 
compared to 12 km, but 27% lower when simulated at 408 km compared to 12 km. 
However in this study, statistical averaging was used to estimate pollutant 
concentrations at the coarsest resolutions, and therefore differences in emissions 
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and meteorology and their atmospheric processing between the resolutions were 
not included. In contrast, Li et al. (2015) found annual mean PM2.5 concentrations 
simulated at a resolution of ~ 2.5° in the US to be similar to PM2.5 concentrations 
simulated at a resolution of ~ 0.5° suggesting that the horizontal scales being 
compared and the methodology for comparison are important. However maximum 
PM2.5 concentrations which occur in highly populated regions were found to be 21% 
lower at the coarse resolution (Li et al., 2015). 
As outlined above, a number of studies have analysed the effect of model 
resolution on O3 and PM2.5 concentrations but few have looked at the sensitivity of 
the associated health impacts to model resolution (Punger and West 2013; 
Thompson et al. 2014; Li et al. 2015; Kushta et al. 2018) (Section 1.6). Punger and 
West (2013) found mortality associated with long-term exposure to O3 in the US to 
be 12% higher at a 36 km resolution compared to the mortality estimate at 12 km, 
as a result of higher O3 simulated at the coarser-scale. Thompson et al. (2014) also 
found that especially in urban areas, the human health impacts associated with 
differences in O3 between 2005 and 2014 calculated using a coarse resolution 
model (36 km) were on average two times greater than those estimated using finer 
scale resolutions (12 km and 4 km). In addition, Thompson and Selin (2012) found 
that the estimated avoided O3-related mortalities between a 2006 base case and a 
2018 control policy scenario at a 36 km resolution were higher compared to 
estimates at the finer resolutions (12 km , 4 km and 2 km) . However, their health 
estimates at the 36 km resolution fall within the range of values obtained using 
concentrations simulated at the finer resolutions used. 
For PM2.5-related health estimates, studies by Punger and West (2013) and 
Li et al. (2015) (in the US) and Kushta et al. (2018) (in Europe) all suggest that 
attributable mortality associated with long-term exposure to PM2.5 is lower for their 
coarser resolution simulations (> 100 km) due to lower simulated PM2.5 
concentrations in densely populated regions compared to the higher resolution 
Chapter 3 The influence of model spatial resolution  
83 
 
estimates at 12 km and 20 km respectively. However, Thompson et al. (2014) found 
that using model horizontal resolutions of 36, 12 and 4 km had a negligible effect on 
changes in PM2.5 concentrations and associated health impacts (Section 1.6). This is 
likely due to the relatively small range of resolutions used by Thompson et al. (2014) 
compared to these other studies.  
The majority of health effect studies relating to the impact of model 
resolution have been conducted in North America. Hence, similar studies are lacking 
over Europe. This study is therefore the first to examine the impact of two different 
model resolutions: a coarse (~ 140 km) and a finer resolution (~ 50 km) on O3 and 
PM2.5 concentrations, and their subsequent impacts on European-scale human 
health through long-term exposure to O3 and PM2.5. The sensitivity of health 
impacts to model resolutions is defined by calculating the attributable fraction (AF) 
of total mortality which is associated with long-term exposure to O3 and PM2.5 for 
various European countries, based on simulated concentrations at both resolutions, 
and expressed as a percentage.  
The remainder of this chapter is organised as follows. Section 3.2 describes 
the modelling framework used for both the coarse and finer simulations and gives 
an outline of the methods used to calculate the AF of mortality associated with O3 
and PM2.5 for various European countries. Section 3.3 presents differences in 
seasonal mean O3 and PM2.5 concentrations between the two resolutions. In section 
3.4, differences in warm season daily maximum 8-hour running mean (MDA8) O3 
concentrations and annual PM2.5 concentrations between the two resolutions are 
first analysed, then differences in country-level population-weighted MDA8 O3 and 
annual mean PM2.5 concentrations are quantified. Secondly, the country-level AF 
associated with long-term exposure to MDA8 O3 and annual mean PM2.5 simulated 
at both resolutions are presented. The conclusions drawn from this chapter are 
then presented in Section 3.5.  






3.2.1 Model Description and Experimental Setup 
 
The two chemistry-climate configurations used in this Chapter are based on the 
Global Atmosphere 3.0 (GA3.0) / Global Land (GL3.0) configuration of the Hadley 
Centre Global Environmental Model version 3 (HadGEM3, Walters et al., 2011), of 
the Met Office’s Unified Model (MetUM, Brown et al., 2012) (Section 2.1). The 
global (referred to as coarse in this chapter) configuration has a horizontal 
resolution of 1.875° × 1.25° (∼ 140 km, Walters et al., 2011) while the regional 
(referred to as finer in this chapter) configuration has a horizontal resolution of 
0.44° × 0.44° (∼50 km, Moufouma-Okia and Jones, 2014) with a domain covering 
most of Europe (Chapter 2 Fig. 2.1).  
As this chapter focuses on health impacts, the analysis is restricted to 
European land regions. Gas phase chemistry is simulated within HadGEM3 by a 
tropospheric configuration of the United Kingdom Chemistry and Aerosol (UKCA) 
model (Morgenstern et al., 2009; O’Connor et al., 2014). The chemistry scheme 
used for both configurations is the UKCA Extended Tropospheric Chemistry (UKCA-
ExtTC) scheme (Section 2.1.3). The GA3.0/GL3.0 configuration of HadGEM3 (Walters 
et al., 2011) also includes an interactive aerosol scheme called CLASSIC (Coupled 
Large-scale Aerosol Simulator for Studies in Climate; Jones et al., 2001;Bellouin et 
al., 2011) from which PM2.5 concentrations are estimated (Section 2.1.4).  
The model simulations for both these configurations cover a period of one 
year and 9 months starting from April 2006, from which the first nine months were 
discarded as spin-up. The coarse configuration uses monthly mean distributions of 
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sea surface temperature (SST) and sea ice cover (SIC), derived for the present-day 
(1995-2005) from transient coupled atmosphere-ocean simulations (Jones et al., 
2001) of the HadGEM2-ES model (Collins et al., 2011). Using a simple linear re-
gridding algorithm, the SST and SIC climatologies developed for the coarse 
configuration were downscaled to the finer configuration. The coarse configuration 
was set to produce lateral boundary conditions (LBCs) at six-hourly intervals which 
were then used to drive the finer configuration. 
A consistent set of baseline emissions have been used for both 
configurations by using the same source data and then re-gridding to the coarse 
and finer resolutions of the chemistry-climate model. The surface emissions for 
chemical species were implemented from emission data at 0.5° by 0.5 resolution 
developed by Lamarque et al. (2010) for the Fifth Coupled Model Inter-comparison 
Project (CMIP5) report which include reactive gases and aerosols from 
anthropogenic and biomass burning sources. Both model configurations are driven 
by decadal mean present-day emissions from Lamarque et al. (2010), 
representative of the decade centred on 2000. Biogenic emission of isoprene and 
monoterpenes are calculated interactively following Pacifico et al. (2011) and the 
biogenic emissions of methanol and acetone are prescribed, taken from Guenther 
et al. (1995). A full description of both configurations can be found in Section 2.1. 
The two configurations are consistent in terms of driving meteorology and 
emissions as discussed above, however a change in model resolution also requires 
changes to model’s dynamical time-step (from 20 min; coarse resolution to 12 min;  
finer resolution) as well as some of the parameters in the model parametrisations 
schemes that are resolution dependent. In this chapter it is assumed any such 
differences to be a model resolution effect. To compare pollutant concentrations 
simulated at the two resolutions, the coarse model results were re-gridded to the 
finer resolution via bi-linear interpolation and differences between the two 
configurations were then calculated at each grid box. For consistency, all figures, 
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tables and values shown in the following sections show differences calculated as 
coarse minus finer results. All pollutant concentrations used in this Chapter have 
been extracted at the lowest model level with a mid-point at 20 m. While this level 
is considered representative of surface or ground-level concentrations, local 
orographically driven flows or sharp gradients in mixing depths cannot be 
represented at this vertical resolution (Fiore et al. 2009).  
 
3.2.2 Measurement data 
 
Modelled seasonal mean O3 and PM2.5 concentrations for 2007 are evaluated using 
measurement data from the European Monitoring Evaluation Programme (EMEP) 
network (ebas.nilu.no) (Section 2.3). A total of 52 sites from the EMEP network are 
chosen for comparison between measurements and simulated O3 concentrations 
while all 25 available sites are used for PM2.5 evaluation (Fig. 2.4). To perform an 
observation-model comparison, simulated pollutant concentrations are extracted at 
measurement site locations using bi-linear interpolation. 
 
3.2.3 Health calculations 
 
Annual total mortality estimates associated with long-term exposure to O3 and 
PM2.5 are frequently calculated by estimating the country-level Attributable Fraction 
(AF) of mortality, based on concentration-response relationships associated with 
each pollutant, and then multiplying the AF by the baseline mortality rate (Section 
1.5.1). Since the focus of this chapter is the effects of changing resolution on 
pollutant concentration, absolute values and differences in the AF between the two 
resolutions are estimated, rather than the estimated mortality associated with each 
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pollutant, as the latter also depends on underlying baseline mortality rates. In this 
way the effect of model resolution on health impacts can be isolated. Note that 
differences in AF will be the same as the differences in mortality between the two 
resolutions (expressed as a percentage of total mortality), if calculated as described 
in this section.  
For each model resolution, simulated air pollutant concentrations are used 
to calculate the country-average AF of respiratory or all-cause mortality associated 
with long-term exposure to O3 and PM2.5, respectively. Specifically, the country-
average AF is derived from the country-averaged population-weighted pollutant 
concentration (xcountry) and CRF (equation 2.2 to 2.4 with 𝑦 at the country level; 
Section 2.4.1) 
The CRF used to estimate the AF of respiratory mortality associated with 
long-term exposure to O3 is that of 1.014 (95% Confidence Interval (CI) = 1.005, 
1.024) per 10 µg m-3 increase in daily maximum 8-hr running mean (MDA8) O3 
during the warm season (April-September) with a threshold of 70 µg m-3 (Table 2.1 
and Section 2.4.1) For estimating the health impact of long-term exposure to PM2.5 
on all-cause (excluding external) mortality, a CRF of 1.062 (95% CI = 1.040, 1.083) 
per 10 µg m-3 increase in annual average concentrations (with no threshold) is used 
(Table 2.1 and Section 2.4.1). As the CRF values used for O3 and PM2.5 are from the 
ACS cohort (Section 1.4.4), the estimates in this study exclude people younger than 
30 years.  
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3.3 The impact of model resolution on pollutant 
concentrations 
 
3.3.1 The impact of model resolution on seasonal mean O3: 
comparison with observations 
 
Modelled and observed means and, standard deviations (SD), normalised mean bias 
(NMB) and percentage differences between the two resolutions for all four seasons 
at the 52 EMEP site locations (Fig. 2.4) are shown in Table 3.1. Similarly modelled 
means, SD and percentage differences between the two resolutions are also shown 
for all model cells within the European domain (discussed in Section 3.3.2). 
Compared to measurements, mean values simulated by the chemistry-climate 
model across the 52 station locations are lower in winter (DJF) and higher in 
summer (JJA) and autumn (SON) with NMB values up to -19%, 27% and 19%, 
respectively. In spring (MAM), simulated mean O3 concentrations at the finer 
resolution are closest to observations (NMB = ~ -4 %), whilst in all other three 
seasons the simulated values at the coarse resolution are in closer agreement with 
observations (NMB = ~ -8%, ~24% and ~ 5%, respectively). For all seasons, the SD of 
seasonal mean O3 concentrations, simulated at the two resolutions are more similar 
to each other than to observations. However, the SD across all 52 sites, simulated at 
the coarse resolution is higher than that simulated at the finer resolution.   
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Table 3.1: Statistical results comparing seasonal mean O3 concentrations simulated at the global 
and finer resolutions to observations from 52 stations within the EMEP network in 2007. Statistical 
results for all model grid-cells of both resolutions are also shown. Percentage differences between 
the two model resolutions are calculated as (O3 global resolution – O3 finer resolution)/(O3 global resolution). 
  52 sites  all grid-cells 
Season  Obs. Model  Model 
   140 km 50 km  140 km 50 km 
DJF Mean (µg m-3) 52.8 48.5 42.6  35.1 31.7 
 Difference (%)  12.2  9.7 
 NMB (%)  -8.1 -19.2    
 SD (µg m-3) 11.0 17.0 16.0  17.3 16.5 
MAM Mean (µg m-3) 70.4 80.7 67.9  75.7 71.5 
 Difference (%)  15.9  5.5 
 NMB (%)  14.6 -3.6    
 SD (µg m-3) 8.9 13.7 12.8  12.9 12.9 
JJA Mean (µg m-3) 63.6 78.6 80.8  84.4 85.6 
 Difference (%)  -2.8  -1.4 
 NMB (%)  23.7 27.1    
 SD (µg m-3) 10.2 16.3 15.1  20.6 20.5 
SON Mean (µg m-3) 46.3 48.6 55.0  52.7 54.9 
 Difference (%)  -13.2  -4.2 
 NMB (%)  4.9 18.8    
 SD (µg m-3) 10.2 15.0 14.2  15.2 14.1 
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Modelled versus observed seasonal mean O3 concentrations for each of the 
52 EMEP station locations are shown in Fig. 3.1, with arrow lengths indicating the 
change in concentrations when simulated at the coarse versus finer resolutions. For 
both resolutions, higher O3 concentrations are simulated during summer compared 
to observations as noted above (between 50 to 150 µg m-3; Fig. 3.1). In winter, 
simulated O3 concentrations are lower compared to measurements (< 30 µg m
-3), 
and are most similar to observations in spring and autumn in accordance with lower 
NMB (Table 3.1).  
The magnitude of the differences in simulated O3 concentrations between 
the two resolutions varies seasonally, with the smallest (coarse-finer) differences in 
summer (green arrows – Fig. 3.1; -3 % ;Table 3.1) and the largest difference in 
spring, as noted above (16 % ;Table 3.1). Similar differences in July mean O3 
concentrations between a 150 km and a 40 km resolution were also found by Stock 
et al. (2014). Over the majority of the stations, during winter and spring, O3 
concentrations simulated at the finer resolution are lower than concentrations 
simulated at the coarse resolution (downward arrows; Fig. 3.1, positive difference; 
Table 3.1). In contrast during summer and autumn, O3 concentrations are higher 
when simulated at the finer resolution (upward arrows; Fig. 3.1, negative 
difference; Table 3.1). These results are analysed further at the seasonal level in Fig. 
S3.1 Section 3.6. 
  




Figure 3.1: Seasonal mean modelled vs observed O3 for 52 sites across the EMEP network for 
the year 2007. The arrow tails mark O3 concentrations at the coarse resolution while the arrow 
heads represent the corresponding O3 concentrations at the finer resolution. The 1:1 line shows 
agreement between observed and simulated O3. 
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3.3.2 Impact of resolution on seasonal mean O3: spatial differences 
 
This section extends the investigation presented in the previous sections to examine 
the impact of model grid resolution on the spatial distribution of O3 over the whole 
of Europe. The seasonal variation in O3 concentrations simulated at the finer 
resolution across Europe shows the same features as at the 52 site locations 
(section 3.3.1), with highest values in spring and summer (> 50 µg m-3 and up to 120 
µg m-3; Fig. 3.2b and 3.2c, respectively) and lowest values in autumn and winter 
(<55 µg m-3; Fig. 3.2a and 3.2d). In all seasons, except winter, there is a clear 
latitudinal gradient with higher O3 concentrations in southern compared to 
northern Europe. In winter (Fig. 3.2a), very low O3 concentrations are simulated 
across much of Europe (~30 µg m-3).  
For most of Europe, in winter and spring, mean O3 concentrations are 
generally higher when simulated at the coarse compared to the finer resolution 
(Fig. 3.2e and 3.2f, 10% and 6% respectively; Table 3.1), in agreement with the 
findings for the sub-set of 52 locations. However parts of northern Scandinavia and 
the UK, and parts of south-eastern Europe have lower O3 concentrations simulated 
at the coarse resolution in these two seasons. In summer and autumn, O3 
concentrations are slightly lower when simulated at the  coarse compared to the 
finer resolution (-1% and -4% respectively –Table 3.1) as found for the sub-set of 
locations, except in areas of easternmost Europe (especially in autumn) and parts of 
Spain and Italy (Fig. 3.2g and 3.2h). The greatest positive differences in simulated O3 
concentrations, i.e. higher values at the coarse resolution, are found in winter, 
especially in the far south of Europe in Spain (~ 20 µg m-3; Fig. 3.2e). Some of these 
positive differences are clear around the coastal regions which is likely due to 
differences in the land/sea mask at the two resolutions, which leads to less 
deposition over oceanic grid-cells at the coarse resolution and higher simulated O3 
concentrations compared to the same locations that are designated as land at the 
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finer scale (Coleman et al., 2010). In addition, large negative differences in 
simulated O3 concentrations between the two resolutions occur over the Alps, 
whereby simulated O3 concentrations are higher at the finer scale (Fig. 3.2e and 
3.2h). This is most likely due to the differences in orography at the two resolutions 
with higher elevations at the finer scale leading to higher O3 concentrations. 




a) DJF O3 b) MAM O3 c) JJA O3 d) SON O3 
    
 
e) DJF O3 Diff. f) MAM O3 Diff. g) JJA O3 Diff. h) SON O3 Diff. 
    
 
i) DJF NO2 Diff. j) MAM NO2 Diff. k) JJA NO2 Diff. l) SON NO2 Diff. 
    
 
 
Figure 3.2: Seasonal mean O3 simulated at the finer resolution (top panel), differences in 
seasonal mean O3 between the coarse and finer resolutions (O3 coarse resolution – O3 finer resolution) 
(middle panel) and NO2 (NO2 coarse resolution – NO2 finer resolution) (bottom panel). Blue regions in 
middle and bottom panels indicate that pollutant concentrations at the coarse resolution are 
lower (negative difference) while red regions indicate that concentrations are higher (positive 
difference) than those at the finer resolution. 
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Differences in simulated seasonal mean NO2 concentrations at the two 
resolutions show similar, but less extensive differences and generally inverse 
patterns as for O3 concentrations, with some negative differences, i.e. lower NO2 
values in winter and spring (Fig. 3.2i and 3.2j), when simulated at the coarse 
compared to the finer resolution. In contrast, in summer and autumn, NO2 
concentrations are higher in some regions when simulated at the coarse compared 
to the finer resolution (e.g. Italy; Fig. 3.2k and 3.2l). An inverse relationship i.e. a 
positive difference in O3 concentrations and a negative difference in NO2 
concentrations is most prominent for locations in Spain (all year around) and Italy 
(winter and spring) and parts of the Benelux region (southern UK and Netherlands; 
all year around). This inverse relationship is driven by lower NOx concentrations at 
the coarse resolution which lead to less O3 titration by NO compared to the finer 
resolution (Fig. 3.2i). This in turn results in higher simulated seasonal mean O3 
concentrations at the coarse resolution compared to the finer resolution (Fig. 3.2e).  
The planetary boundary layer (PBL) height is a key meteorological variable 
that affects the vertical transport of pollutants from the surface into the free 
troposphere from where they can then undergo strong horizontal transport. Thus 
the impact of changing model resolution on PBL height and how this impacts O3 and 
NO2 concentrations is also investigated. Spatial differences in PBL height between 
the two resolutions are shown in Fig. 3.3. In all seasons, over most of western and 
central Europe and especially in summer, the PBL height is generally lower when 
simulated at the coarse resolution (negative differences up to 275m; Fig. 3.3c). In 
winter and spring (Fig. 3.3a and 3.3b), this lower height corresponds to generally 
higher O3 concentrations but also lower NO2 concentrations simulated at the coarse 
resolution, over the same region and vice versa in summer and autumn (Fig. 3.3c 
and 3.3d). If a shallower PBL is the main driver of pollutant trapping producing 
higher O3 levels, then we would also expect NO2 concentrations to be higher with a 
lower PBL height at the coarse resolution, but their frequent inverse relationship 
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suggest a stronger role for chemistry rather than PBL effects. However, these 
chemical and physical processes cannot be clearly separated. 
 
 
In summary, a seasonal variation in simulated O3 differences between the 
two resolutions is found. Simulated O3 concentrations at the coarse resolution are 
higher in winter and spring and lower in summer and autumn compared to the finer 
resolution. NO2 concentrations are lower at the coarse compared to the finer 
resolution in a number of locations and correspond to higher O3 concentrations at 
the coarse resolution as a result of reduced titration with lower NOx levels. 
Orography also plays an important role in some coastal locations, leading to an 
overestimation of O3 concentrations. The PBL height differs between the two 
resolutions especially during summer, with the finer resolution resulting in a deeper 
boundary layer. However, it is not possible to separate chemistry and mixing effects 
on simulated O3 concentrations.  
 
a) DJF BLH b) MAM BLH c) JJA BLH d) SON BLH 
    
 
 
Figure 3.3: Difference between global and regional seasonal mean boundary layer height 
(PBL coarse resolution – PBL finer resolution) for a) DJF b) MAM c) JJA and d) SON for 2007 
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3.3.3 The impact of resolution on seasonal mean PM2.5 – comparison 
with observations 
 
Simulated seasonal mean PM2.5 concentrations are compared to available EMEP 
observations at 25 sites (Table 3.2). Mean values for the observations are fairly 
similar across all seasons, with values in summer and autumn being slightly lower. 
PM2.5 concentrations simulated at both the coarse and finer resolutions are lower in 
winter and higher in summer compared to measurements. In addition, mean PM2.5 
concentrations simulated at the finer resolution are higher than those simulated at 
the coarse resolution except in summer. The coarse resolution simulates PM2.5 
levels with the smallest bias during spring (NMB = -0.2%). In contrast, PM2.5 
concentrations simulated at the finer resolution during spring have a large positive 
bias (NMB = 31%). Similarly in autumn NMB values are larger for PM2.5 
concentrations simulated at the finer resolution. The largest bias for both 
resolutions occurs in summer with the coarse resolution resulting in a NMB of 70%. 
Using, a similar finer configuration, Neal et al. (2017) found a year-round small 
positive bias in simulated PM2.5 concentrations averaged over a five year period 
(2001-2005) at two UK locations. The SD of PM2.5 concentrations across the 25 sites 
is fairly similar between model results and measurements except in winter, when 
simulated SD values are lower at both resolutions compared to measurements and 
in autumn, when the SD at the finer resolution is higher compared to 
measurements. 
Modelled versus measured PM2.5 concentrations across the 25 individual 
EMEP stations highlight the low simulated PM2.5 concentrations in winter (Fig. S3.2; 
Section 3.6). Large variations in PM2.5 levels between the two resolutions are 
prominent in spring (-31%; Table 3.2). Smaller PM2.5 concentrations simulated at the 
coarse resolution in winter, spring and autumn are apparent (upward arrows; Fig. 
S3.6, negative differences; Table 3.2).   
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Table 3.2: Statistical results comparing seasonal mean PM2.5 concentrations simulated at the 
global and finer resolutions to observations from 25 stations within the EMEP network in 2007. 
Statistical results for all model grid-cells of both resolutions are also shown. Percentage differences 
between the two model resolutions are calculated as (PM2.5global resolution – PM2.5 finer resolution)/(PM2.5 
global resolution). 
Season  25 sites  All grid-cells 
  Obs. Model  Model 
   140 km 50 km  140 km 50 km 
DJF Mean (µg m-3) 12.1 8.3 9.5  5.1 5.5 
 Difference (%)  -14.5  -7.8 
 NMB (%)  -31.0 -21.3    
 SD (µg m-3) 9.2 2.5 3.1  3.1 3.7 
MAM Mean (µg m-3) 12.6 12.4 16.2  9.0 9.5 
 Difference (%)  -30.6  -5.5 
 NMB (%)  -0.2 31.1    
 SD (µg m-3) 5.1 2.6 5.4  4.9 6.2 
JJA Mean (µg m-3) 10.6 18.0 14.9  11.9 8.4 
 Difference (%)  17.2  29.4 
 NMB (%)  70.0 40.1    
 SD (µg m-3) 4.0 5.4 6.4  7.0 6.2 
SON Mean (µg m-3) 11.0 10.7 13.2  12.3 11.3 
 Difference (%)  -23.4  8.1 
 NMB (%)  -2.4 22.0    
 SD (µg m-3) 4.8 4.1 10.3  7.0 6.7 




3.3.4 Impact of resolution on seasonal mean PM2.5: spatial differences 
 
Spatial distributions of PM2.5 concentrations, simulated at the finer resolution as 
well as differences between the two resolutions over the whole European domain 
are illustrated in Fig. 3.4. Over the whole domain, PM2.5 concentrations simulated at 
the finer resolution are lowest in winter (Fig. 3.4a) and highest in spring (Fig. 3.4b). 
As for O3, there is clear latitudinal gradient with higher PM2.5 levels in southern 
Europe in all seasons. Differences in seasonal mean PM2.5 concentrations, between 
the coarse and fine resolutions, vary seasonally across the European domain with 
the smallest differences occurring during winter (± 3 µg m-3; Fig. 3.4e, -8% ; Table 
3.2) in agreement with the findings for the 25 EMEP stations described above 
(section 3.3.3). This suggests that at low PM2.5 concentrations (~ 8 µg m
-3) in winter, 
model results do not differ greatly when increasing the model resolution from 150 
km to 50 km. In spring, PM2.5 concentrations simulated at the coarse are lower than 
at the finer resolution over large parts of central and western Europe but are 
slightly higher in easternmost parts of Europe (negative differences ~-10 µg m-3 Fig. 
4f; -6%  Table 3.2), as found at the 25 EMEP station locations. The opposite result 
occurs in summer with generally higher PM2.5 concentrations simulated at the 
coarser resolution (positive differences ~ 10 µg m-3 Fig. 4g; 29% Table 3.2). In 
autumn, the differences in PM2.5 concentrations at the two resolutions exhibit a 
marked east-west contrast, with lower values at the coarse resolution in western 
Europe (where the EMEP stations are generally located; Fig. 2.4) and higher values 
at the coarse resolution in eastern Europe (Fig. 3.4h). While PM2.5 concentrations at 
the 25 EMEP site locations are on average lower when simulated at the coarse 
resolution (-23%), over all grid-cells, PM2.5 concentrations are higher at the coarse 
resolution (8%). This highlights issues with representivity of the EMEP network 
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across Europe, with much fewer EMEP measurement stations for PM2.5 in eastern 
Europe.   
  
a) DJF PM2.5  b) MAM PM2.5 c) JJA PM2.5 d) SON PM2.5 
    
 
e) DJF PM2.5  
Difference 
f) MAM PM2.5 
Difference 
g) JJA PM2.5  
Difference 
h) SON PM2.5 
Difference 
    
 
 Figure 3.4: Seasonal mean PM2.5 simulate at the finer resolution (top panel) and differences 
between seasonal mean PM2.5 at the coarse and finer resolution in 2007 (PM2.5 coarse resolution – PM2.5 
finer resolution) (bottom panel). 
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The seasonality in PM2.5 differences, brought about by a change in model 
horizontal resolution, can be partly explained by differences in PBL height between 
the two resolutions, as outlined in section 3.3.2. In particular, the deeper boundary 
layer in summer simulated at the finer resolution may lead to greater vertical lofting 
from the surface, producing lower PM2.5 levels compared to that simulated at the 
coarse resolution. In addition, differences in simulated precipitation (especially 
smaller-scale convective precipitation) between the two resolutions may be 
important, through its influence as the dominant mechanism in UKCA for removal 
of aerosols through wet deposition (O’Connor et al., 2014). Spatial patterns of 
convective precipitation differences between the two resolutions are shown in Fig. 
3.5. In winter and spring, convective rainfall is higher at the coarse compared to the 
fine resolution (Fig. 3.5a and 3.5b). Thus removal of PM2.5 through wet deposition is 
greater, producing lower PM2.5 concentrations at the coarser resolution (Fig. 3.4e 
and 3.4f). The opposite holds in summer and autumn as the convective rainfall is 
lower at the coarse compared to the finer resolution (Fig. 3.5c and 3.5d) therefore 
resulting in higher PM2.5 concentrations simulated at the coarse resolution (Fig. 3.4g 
and 3.4h).  
Overall, a large seasonal variation in simulated PM2.5 concentrations 
between the two resolutions is also found, with typically lower levels simulated in 
winter and spring at the coarse compared to the finer resolution and the opposite 
result in summer and autumn. Hence, the seasonality of differences in simulated 
PM2.5 concentrations between the two model resolutions is generally the inverse of 
that found for O3 in Section 3.3.2. We find that these seasonal differences can be 
largely explained by meteorological effects: PBL height differences, especially in 
summer, and by differences in convective rainfall between the two resolutions. 





3.4 Sensitivity of health impact estimates to model 
resolution 
 
In this section the impact of differences in O3 and PM2.5 concentrations simulated at 
the two resolutions on health impact estimations across Europe is examined at the 
country level. For this analysis warm season daily maximum 8-hour running mean 
(MDA8) O3 (above 70 µg m
-3) and annual-average PM2.5 concentrations are used. To 
estimate health impacts, air pollution concentrations (with an averaging period 
consistent with that used in epidemiological studies) are combined with population 
estimates and CRFs (Section 2.4.1).  
  
a) DJF Conv 
Rainfall Rate 
b) MAM Conv 
Rainfall Rate 
c) JJA Conv 
Rainfall Rate 
d) SON Conv 
Rainfall Rate 






Figure 3.5: Difference between coarse and finer seasonal mean convective rainfall rate (mm day
-1
) 
for a) DJF b) MAM c) JJA and d) SON for 2007 
Chapter 3 The influence of model spatial resolution  
103 
 
3.4.1 Warm season MDA8 O3 and annual-average PM2.5 
concentrations 
 
Statistics for warm season MDA8 O3 and annual PM2.5 concentrations compared 
between EMEP measurements and model results at the two resolutions are 
provided in Table 3.3. Mean simulated MDA8 O3 levels in the warm season at the 52 
EMEP locations for both resolutions, are higher compared to observations (NMB = 
11% and 9 %; Table 3.3), in agreement with findings for summer and autumn mean 
O3 levels (c.f., Table 3.3, Table 3.1). The SD is also higher for both resolutions 
compared to observations. However, in contrast with summer mean O3 levels, 
mean simulated MDA8 O3 concentrations are 0.8% higher at the coarse compared 
to the finer resolution at the 52 EMEP site locations (Table 3.3). Simulated annual 
mean PM2.5 concentrations are also higher compared to observations at the 25 
locations (NMB =~10-20%; Table 3.3) with concentrations being 8.7% lower at the 
coarse compared to the finer resolution. This represents the net effect of 
seasonality in NMB shown in Table 3.2. 
  




Table 3.3: Warm season (April-September) mean of daily maximum 8-hour running mean O3 
concentrations (MDA8 O3) and annual mean PM2.5 concentrations at the coarse and finer 










Differences in warm season MDA8 O3 and annual mean PM2.5 
concentrations, simulated at the coarse and finer resolution, are shown in Fig. 3.6. 
The spatial distribution of differences in warm season MDA8 O3 between the two 
resolutions (Fig. 3.6a) is most similar to the distribution of differences in summer 
mean O3 concentrations (Fig. 3.2g). Differences in MDA8 O3 concentrations range 
from ~ -7 µg m-3 in Northeast Europe to ~ +20 µg m-3 in Southern Europe, UK and 
Ireland (Fig. 3.6a). It is noted that if a different time-averaging period was chosen 
e.g., annual as opposed to warm season, the spatial patterns of MDA8 O3 
differences would alter considerably due to the seasonal variation displayed in Fig. 
3.2.  
 
Season  Obs. 140 km 50 km 
MDA8 O3 (Apr - Sept)  Mean (µg m
-3) 86.3 95.6 94.8 
 Difference (%)  0.8 
 NMB (%)  10.9 8.9 
 SD (µg m-3) 9.2 14.7 14.2 
PM2.5 (Annual)  Mean (µg m
-3) 11.4 12.6 13.7 
 Difference (%)  -8.7 
 NMB (%)  10.5 20.2 
 SD (µg m-3) 5.1 2.8 5.0 




The spatial distribution of differences in annual mean PM2.5 concentrations 
between the two resolutions (Fig. 3.6b) are most similar to the spatial distribution 
of differences in spring and especially autumn mean PM2.5 concentrations notably 
with an east-west gradient (Fig. 3.4f and h). Differences in PM2.5 concentrations 
between the two resolutions range from ~ -8 µg m-3 in the southwestern part of 
Europe and Cyprus to ~ +4 µg m-3 in north and eastern Europe (Fig. 3.6b).  
 
3.4.2 Effect of applying population-weighting to MDA8 O3 and annual 
PM2.5 concentrations 
 
The warm season MDA8 O3 concentrations and annual mean PM2.5 concentrations, 
simulated at both resolutions, were weighted by population totals for each country 
to produce country average population-weighted concentrations (Section 2.4.1). 
Figure 3.7a shows the impact of the two resolutions on country-average warm 
season average MDA8 O3 and the corresponding population-weighted MDA8 O3 
concentrations. Similarly differences in annual mean PM2.5 concentrations between 
a) MDA8 O3 differences b) Annual PM2.5 
Figure 3.6: Differences in a) warm season (April-September) mean of daily maximum 8-hour 
running mean O3 (concentrations above 70 µg m
-3
) and b) annual mean PM2.5 between the coarse 
and finer resolution (coarse – finer).  
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the two resolutions for non-population-weighted and population-weighted 




Figure 3.7: a) Differences between warm season mean daily maximum 8-hour running mean 
(MDA8) O3 concentrations simulated at the two resolutions (coarse – finer) for population-
weighted (PopW) concentrations (orange bars) and concentrations with no population-weighting 
(Not PopW; blue bars) b) same holds for annual mean PM2.5 concentrations. Countries are ordered 
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Population-weighting of pollutant concentrations has different impacts 
across the European countries (Fig. 3.7a and 3.7b). In many countries, differences in 
population-weighted pollutant concentrations between the two resolutions are 
enhanced (i.e. larger positive or more negative differences) relative to non-
population-weighted pollutant concentrations. However, in some countries 
population-weighting may reduce the positive or negative difference between the 
two resolutions. Several cases are examined below. 
For warm season MDA8 O3 concentrations, the largest negative differences, 
implying lower MDA8 O3 levels using coarse compared to the finer resolution 
results, occur in eastern Europe (Fig. 3.6a). Hence, the largest negative differences 
in non-population-weighted and population-weighted MDA8 O3 concentrations are 
found in eastern European countries (Fig. 3.7a). The difference between the two 
resolutions is greatest when population-weighting is applied. This is generally due 
to slightly lower population-weighted MDA8 O3 concentrations compared to MDA8 
O3 concentrations derived from the coarse resolution results (Fig. 3.8).  




































Figure 3.8: a) Difference between MDA8 O3 concentrations with and without population-weighting 
as simulated by the coarse (orange bars) and finer (blue bars) resolutions b) same holds for annual 
mean PM2.5 concentrations. 
Finer Coarse 
Finer Coarse 
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In the Netherlands warm season non-population-weighted MDA8 O3 is also 
lower when derived from coarse compared to finer resolution results (negative 
difference; Fig. 3.6a, 3.7a). However population-weighted MDA8 O3 concentrations 
are higher when derived from the coarse resolution results (Fig. 3.7a). This is caused 
by lower MDA8 O3 concentrations simulated at the finer resolution when applying 
population-weighting (Fig. 3.8a). This suggests that in populated regions, MDA8 O3 
concentrations simulated at the finer resolution are lower which might be linked to 
higher NO2 concentrations.  
Warm season MDA8 O3 show the largest positive differences, with higher 
values simulated at the coarse resolution, for southern Europe and the UK/Ireland 
(Fig 3.6a). Thus, the largest positive differences for non-population-weighted and 
population-weighted MDA8 O3 concentrations occurs in south European countries 
(Fig. 3.7a). Population–weighed MDA8 O3 concentrations in Portugal are higher 
compared to MDA8 O3 concentrations at the coarse but lower at the finer 
resolution (Fig. 3.8a). This suggests that, at the coarse resolution, areas with high 
levels of O3 are co-located with high population densities whilst at the finer 
resolution areas with lower levels of O3 are co-located with high population 
densities. 
Annual-average PM2.5 concentrations show the largest negative differences, 
with higher values simulated at the finer resolution, in parts of western Europe (Fig. 
3.6b). Hence, the largest negative non-population-weighted and population-
weighted annual mean PM2.5 concentrations are found for Cyprus, Italy and Spain 
(Fig. 3.7b). Conversely, higher annual-average PM2.5 levels are simulated at the 
coarse resolution in eastern and northern Europe (Fig. 3.6b), hence larger positive 
non-population-weighted and population-weighted annual mean PM2.5 
concentrations occur for countries in eastern Europe and northern Europe (Fig. 
3.7b).  
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In Cyprus, population-weighted annual mean PM2.5 concentrations simulated 
at the fine resolution are higher compared to concentrations with no population-
weighting, due to denser populations being co-located with areas of higher PM2.5 
levels (Fig. 3.8b). In Croatia, population-weighted annual mean PM2.5 concentrations 
simulated at the coarse resolution are greater than PM2.5 concentrations with no 
population-weighted, again due to denser populations in regions of high 
concentrations but in this case when simulated at the coarse resolution (Fig. 3.8b). 
In a few countries (e.g. Switzerland), differences in population-weighted annual 
mean PM2.5 concentrations between the two resolutions have an opposite sign to 
differences between concentration with no population-weighting (Fig. 3.7b). This 
indicates that annual mean PM2.5 concentrations simulated at the finer resolution 
are high in densely populated regions but are low in these same regions at the 
coarse resolution.  
It would be insightful to examine these population-weighted results in 
relation to model-observation biases in densely populated areas. However, as 
outlined in Section 2.3, the available sites in the EMEP database are urban 
background stations which are required to be representative of a wide are and 
away from industrial areas (EMEP/CCC,2001). Nonetheless it is noted that in 
southern Europe, simulated summer mean MDA8 O3 concentrations at the finer 
resolution are closer to observations than concentrations simulated at the coarse 
resolution. No consistent result is found for model biases in simulated annual mean 
PM2.5 concentrations with respect to observations for the two model resolutions. 
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3.4.3 Attributable fraction of mortality associated with long-term 
exposure to O3 
 
The Attributable Fraction (AF) associated with long-term exposure to MDA8 
O3, expressed as a percentage of total respiratory mortality and simulated at both 
resolutions, is calculated for each country (Fig. 3.9a), using the population-weighted 
warm season MDA8 O3 concentrations (Fig. 3.9a) as discussed in Section 3.2.3 and 
2.4.1. For both resolutions, the estimated AF is shown for each country, with the 
95% confidence interval (95% CI) representing uncertainties associated only with 
the CRF used (shown in grey). For all the countries considered, irrespective of the 
model resolution used, the AF of total respiratory mortality ranges from 1% (95% CI 























Figure 3.9: a) AF associated with long term exposure to daily maximum 8-hour running mean O3 for 
each model resolution expressed as a percentage b) Differences in AF between the two resolutions 
expressed as a percentage for each European country (AFcoarse – AFfiner). Grey lines show the 95% CI 
which represents uncertainties associated only with the concentration-response function used.  
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Differences in AF between the countries are solely attributed to differences 
in population-weighted MDA8 O3 concentrations. Thus, countries with the highest 
population-weighted concentrations also have the highest AF. Similarly countries 
with the highest differences in population-weighted MDA8 O3 concentrations 
between the two resolutions also have the largest differences in AF between the 
coarse and finer resolution. If the AF was calculated for each model grid-cell rather 
than at the country level, the differences in AF for the two pollutants would have 
identical spatial distributions to the differences in warm season MDA8 O3 and 
annual-mean PM2.5 concentrations depicted in Fig. 3.6, as the AF is only dependent 
on the pollutant concentration and the CRF (which is constant across all countries).   
The differences in country level AF associated with long-term exposure to 
warm season MDA8 O3, simulated at the two resolutions, are shown in Fig. 3.9b. 
These values highlight the sensitivity of respiratory mortality attributable to long-
term exposure to O3 to a change in model resolution. For most of northern and 
eastern Europe, the AF at the coarse resolution is lower than that at the finer 
resolution (negative differences; Fig. 3.9b) as for differences in population-weighted 
warm season MDA8 O3 concentrations in the same countries (Fig. 3.7a). In contrast, 
the AF at the coarse resolution is higher than that at the finer resolution for 
countries in southern Europe (positive differences, Fig. 3.9b). Differences in AF 
range from -0.9% (95% CI -0.3% to -1.5%) in Poland to +2.6% (95% CI 1.0% to 4.1%) 
in Portugal (Fig. 3.9b) which directly correspond to the countries having the lowest 
and highest difference in population-weighted MDA8 O3 concentration respectively 
(Fig. 3.7a; Note, although the differences in AF between the two resolution appear 
low, these are percentages of total respiratory mortality). In Poland and Portugal 
the estimated AF at the finer resolution is 1.4 times and 0.7 times that estimated at 
the coarse resolution. For approximately half of the European countries, the AF is 
higher for the coarse resolution compared to the finer resolution and vice versa.  
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When considering the uncertainty associated with the concentration-
response function used, the 95% CI for the AF of respiratory mortality associated 
with long term exposure to MDA8 O3 at the two resolutions overlap over the 
majority of the countries (Fig. 3.9a). Hence, the sign of the difference in AF between 
the two model resolutions can be altered (Fig. 3.9b). This suggests that the 
uncertainty associated with the 95% CI associated with the CRF is crucial to HIAs. 
Kushta et al. (2018) suggest that the uncertainties in ambient PM2.5-related 
mortalities in Europe are mostly associated with the CRFs rather than the 
representation of annual mean PM2.5 concentrations by air quality models having 
varying horizontal resolutions. For this reason only uncertainties associated with the 
CRF used are included in this thesis.  
For US averaged mortality estimates, Punger and West (2013) show that 
mortality estimates related to warm season long-term O3 exposure, calculated using 
the O3 concentrations at 36 km, were higher (by 12%) than estimates calculated at 
the 12 km resolution. Resolution was also found to play and important role in 
determining health benefits associated with differences in O3 between 2005 and 
2014 in the US (Thompson et al. 2014). In particular, in urban areas, Thompson et 
al. (2014) estimate that the benefits calculated using coarse resolution results were 
on average two times greater than estimates calculated using the finer scale results. 
Both the studies mentioned are conducted in the US and use a different 
concentration response function and thus a definitive comparison between these 
studies and estimates presented in this chapter over Europe is not possible.  
Since, seasonal differences in simulated O3 with resolution are considerable, 
the AF associated with long-term exposure to O3 was also calculated based on 
annual-mean (as opposed to summer-mean) O3 concentrations based on 
recommendations by Turner et al. (2015). Turner et al (2015) suggest a higher 
concentration response function of 1.06 (95% CI: 1.04 to 1.08) per 10 µg m-3 and a 
slight lower MDA8 O3 threshold of 53.4 µg m
-3 compared to values used in in this 
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chapter for summer-mean MDA8 O3. Using the values from Turner et al. (2015) the 
differences in AF are found to be of the same sign for the majority of the countries 
and the rankings across countries are largely similar. This similarity occurs because 
the difference in annual-mean MDA8 O3 concentrations between the two 
resolutions shows generally similar spatial patterns to the differences in warm 
season MDA8 O3 concentrations (not shown). However the ranges when using 
annual-mean O3 concentrations and recommendations from Turner et al. (2015) are 
larger: -2.3% to +12.0%, compared to AF ranges given above for MDA8 O3. From 
further sensitivity analyses it is found that these greater AF ranges can be attributed 
to the use of a higher concentration-response function (by a factor of approximately 
4) rather than differences in annual-mean compared to summer-mean 
concentrations.  
 
3.4.4 Attributable Fraction associated with long-term exposure to 
PM2.5 
 
The fraction of all-cause (excluding external) mortality attributable to long-term 
exposure to PM2.5, is shown as percentages for each country in Fig. 3.10a. The AF 
for all countries, irrespective of the resolution used, ranges from 2% (95% CI 1% to 
3%) in Iceland to 15% (95% CI 10% to 19%) in Cyprus (Fig. 3.10a). Differences in AF 
between the two resolutions are shown in Fig. 3.10b. Since the variability in AF 
differences across the countries is caused by variability in population-weighted 
annual mean PM2.5 differences, Cyprus and countries in parts of western Europe 
have the largest negative difference in percentage AF (Fig.3.10b).  In contrast, 
countries in eastern and northern Europe have the largest positive difference in 
percentage AF (Fig. 3.10b). These differences range from -4.7% (95% CI -6.1% to -
3.2%) in Cyprus to 2.8% (95% CI 1.9% to 3.7%) in Croatia. For Cyprus and Croatia, 
using the finer resolution results in an estimated AF that is 1.5 and 0.7 times that 
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estimated using the coarse resolution. Over most countries, annual mean 
population-weighted PM2.5 concentrations are higher (positive difference; Fig. 3.8b) 
for the coarse compared to the finer resolution, thus resulting in a higher AF when 
using the coarse resolution results.  
 
 
 Note, similar to O3, the uncertainty associated with the CRF associated with 
long-term exposure to PM2.5 can alter the sign of the difference of the AF of all-

























Figure 3.10: a) AF associated with long-term exposure to PM2.5 for each model resolution expressed 
as a percentage b) Differences in AF between the two resolutions expressed as a percentage for 
each European country (AFcoarse – AFfiner). Grey lines show the 95 % CI which represents 
uncertainties associated only with the concentration-response function used. 
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countries (Fig. 3.10b); again highlighting the strong influence of the 95% CI 
associated with the CRF.  
The impact of using a low-concentration threshold is also examined. A 
threshold of 5.8 µg m-3 (suggested by Burnett et al. (2014) which is derived from Lim 
et al. (2012)) is applied to annual mean PM2.5 concentrations. Differences in AF 
estimates associated with long-term exposure to population-weighted PM2.5 
concentrations range from -4.8% to +2.1% (as compared to -4.7% to +2.8% above 
when no threshold is applied). The spatial distribution of these estimates remains 
unchanged and only slight changes in country rankings occur. Hence, the impact of 
applying a low concentrations threshold in this study for Europe is small. 
Results in this chapter are consistent with other studies, but not all, that 
examine the impact of model resolution on health estimates associated with long-
term exposure to PM2.5. Using concentrations simulated at the 36 km resolution, 
Punger and West (2013) find that the US national health estimate is higher (11%) 
than the estimate at 12 km resolution. Li et al. (2015) show that averaged over the 
U.S., a coarse grid resolution (~ 200 km) results in a health estimate that is lower 
(8%) than the estimated based on the fine scale model results (~ 50 km), in contrast 
to results in this chapter averaged across Europe. In contrast, Thompson et al. 
(2014) find that health benefits associated with changes in PM2.5 concentrations 
between 2005 and 2014 in the US, were not sensitive to resolution. Both Punger 
and West (2013) and Li et al. (2015) find that differences in PM2.5 are mainly 
attributable to primary anthropogenic PM, while Thompson et al. (2014) attribute 
the greatest differences (between 36 km and 4 km resolutions) to secondary PM. 
However, in this chapter no substantial differences in PM2.5 components between 
the two resolutions were found. In a recent study focusing on uncertainties in 
estimates of mortality attributable to ambient PM2.5 in Europe, Kushta et al. (2018) 
suggest that using model concentrations at a 20 km resolution results in health 
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estimates which are ~2.4% higher across Europe compared to estimates derived at 
the 100 km resolution.  
In summary, results suggest that differences in AF health estimates between 
coarse and finer resolutions vary across the different European countries with clear 
differences between southern and eastern Europe for exposure to warm season 
MDA8 O3 and west-east differences for exposure to annual-average PM2.5 due to 
the dependence of AF on populated weighted MDA8 O3 and annual PM2.5 
concentrations. For differences in AF attributable to long-term exposure to summer 
mean MDA8 O3 and annual mean PM2.5 concentrations, the uncertainty associated 
with the CRF used can alter the sign of the difference of AF between the two model 
resolutions (Fig. 3.9b and 3.10b). Using the CRF in Jerrett et al. (2009), Thompson et 
al. (2014) find that the avoided mortalities due to difference in ozone 
concentrations between 2005 and 2014 at a 36 km model resolution are within the 
95% uncertainty range associated with the concentration-response function used 
compared to estimates at a resolution of 12 km and 4 km. These authors also find 
avoided mortalities associated with long-term effects of PM2.5 exposure at 36 km to 
fall within estimates at the 12 km and 4 km resolution for three different 
concentration-response function. Thus results are in agreement for summer mean 




Chemistry-climate model simulations were performed at two resolutions: a coarse 
resolution (~ 140 km) and a finer resolution (~ 50 km) over Europe to quantify the 
impact of horizontal model resolution on simulated O3 and PM2.5 concentrations by 
season; and on the associated Attributable Fraction (AF) of mortality due to long-
term exposure to these two pollutants. Simulated O3 concentrations are lower in 
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winter and higher in summer and autumn compared to measurements at both 
model resolutions. Results show a seasonal influence in the mean O3 differences 
between the two resolutions. Simulated O3 concentrations averaged across Europe 
at the coarse resolution are higher in winter and spring (10% and 6%, respectively), 
and lower in summer and autumn (-1% and -4%, respectively) compared to the finer 
resolution. In contrast during winter and spring, NO2 concentrations are lower in 
some areas at the coarse compared to the finer configuration, whilst in summer and 
autumn, there are more locations where NO2 concentrations are higher at the 
coarse resolution. The lower O3 concentrations simulated at the finer compared to 
the coarse resolution can be partly explained by these higher NO2 levels that 
enhance titration of O3 at this finer resolution. The PBL height also differs between 
the two resolutions and may also account for differences in O3 concentrations; 
however, it is not possible to clearly separate the effects of chemistry and mixing on 
simulated O3.  
Differences in PM2.5 concentrations simulated at the two resolutions also 
vary seasonally. Modelled PM2.5 concentrations are lower in winter and higher in 
summer compared to measurements at both resolutions. Simulated seasonal mean 
PM2.5 concentrations averaged across Europe during winter and spring are lower at 
the coarse compared to the finer resolution (-8% and -6%, respectively) but higher 
in summer and autumn (29% and 8%, respectively). This seasonality in Europe-
average differences in PM2.5 concentrations is opposite to that found for differences 
in O3 concentrations between the two resolutions. Differences in PM2.5 
concentrations simulated at the two resolutions are also influenced by PBL height, 
especially in summer when a deeper boundary layer at the finer resolution leads to 
greater lofting and lower PM2.5 concentrations. Furthermore, in all seasons, the 
differences in PM2.5 levels between the two resolutions are closely related to 
differences in the convective rainfall rate. In winter and spring, the convective 
rainfall at the coarse resolution is higher than that at the finer resolution thus 
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resulting in lower PM2.5 concentrations. The opposite result holds in summer and 
autumn.  
Results show that differences in warm season mean MDA8 O3 
concentrations between the two resolutions are similar to summer mean 
differences in simulated O3 concentrations, with spatial patterns of differences 
reveal clear and important contrasts. Warm season MDA8 O3 levels are higher in 
most of southern Europe as well as the UK and Ireland, but lower in other areas of 
northern as well as eastern Europe when simulated at the coarse resolution 
compared to the finer resolution. On the other hand, annual average PM2.5 
concentrations are higher across most of northern and eastern Europe but lower 
over parts of southwest Europe at the coarse compared to the finer resolution.  
Weighting the pollutant concentrations at both resolutions with the 
population within each country, results in some added differences between 
concentrations at the two resolutions which also vary across the countries. In many 
countries, weighting by population enhances either positive or negative differences 
in warm season MDA8 O3 or annual mean PM2.5 concentrations between the two 
resolution, which suggests that high levels of pollutant concentrations coincide with 
high population density at one resolution but low pollutant concentrations are co-
located with high population density at the other resolution. Population-weighting 
pollutant concentrations also reduces differences between coarse and finer 
resolution results in some countries.  
The AF of respiratory mortality associated with long-term exposure to warm 
season MDA8 O3 and annual mean PM2.5 is also sensitive to resolution as is it is 
solely driven by the simulated population-weighted pollutant concentrations. For 
the AF associated with long-term exposure to O3, countries in northern as well as 
eastern Europe have lower AF values at the coarse compared to the finer resolution 
whilst the opposite result occurs for other countries in southern Europe and Ireland. 
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For the AF associated with long-term exposure to PM2.5, a few countries in 
southwestern Europe and Cyprus have lower AF values for PM2.5 concentrations 
simulated at the coarse resolution whilst more countries especially in eastern and 
northern Europe show a higher AF when using PM2.5 concentrations simulated at 
the coarse resolution. 
Overall, differences in the country-average AF associated with long term 
exposure to MDA8 O3 range between -0.9 % and +2.6 % while differences in the AF 
associated with long-term exposure to annual mean PM2.5 range from -4.7% to +2.8 
% of the total baseline mortality. This result emphasizes the importance of model 
horizontal resolution when conducting country specific health impact studies. 
However, differences in the AF of mortality between the two resolutions for both 
pollutants are strongly influenced by the 95% CI associated with the respective CRF 
used. In addition, these ranges in AF associated with long-term exposure to annual 
mean PM2.5 were largely unaltered with the application of a low-concentration 
threshold for PM2.5.  
The calculation for O3 health impacts only considers warm-season MDA8 O3 
impacts however these may differ to annual MDA8 O3 impacts because of seasonal 
differences in simulated O3 with resolution highlighted in this study. When using 
annual-mean MDA8 O3 concentrations alongside a recommended concentration-
response function and threshold suggested by Turner et al. (2015) the difference in 
AF between the two resolutions is considerably larger than estimates in this chapter 
using summer-mean MDA8 O3 concentrations. This is driven by the higher 
concentration-response function (by a factor of approximately 4) quoted in Turner 
et al. (2015) compared to that suggested by HRAPIE for summer mean MDA8 O3 
concentrations (WHO, 2013). In addition, the same concentration-response function 
is applied to all populations and assumed that for PM2.5-related health impacts, all 
PM2.5 components have the same impact on mortality.  
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The pollutant concentrations used in this study have been extracted at the 
lowest model level with a mid-point at 20 m. The sensitivity of simulated pollutant 
concentrations to vertical model resolution has not been examined. Future research 
focusing on the sensitivity of AF changes to different averaging periods or seasons 
would be beneficial. In addition, the use of concentration-response functions that 
are derived from European cohort data would be useful, although such data are 
limited. Nonetheless this study provides one of the first insights as to how air 
pollution related health impacts over Europe are influenced by the model resolution 




3.6 Supplementary material  
 
This supporting information provides some additional text and figures showing a 
more in depth analyses on seasonal differences in O3 concentrations between the 
coarse and finer resolution for the individual measurement sites (Fig. S3.1). An 
additional figure showing the seasonal mean differences in PM2.5 concentrations as 
described in the main text is also included (Fig. S3.2).  
An analyses on how the seasonality in O3 concentrations simulated at the 
two resolutions varies seasonally and also geographically at the country level is 
conducted (Fig. S3.1). In winter, O3 concentrations at southerly locations in Greece 
and Italy (Fig. S3.1 red box) show the largest differences between the two 
resolutions, with an overestimate of ~ 50 µg m-3 at   the coarse resolution compared 
to EMEP measurements. In contrast to the majority of the sites during winter, 
simulated O3 concentrations at the finer resolution are higher compared to the 
coarse resolution for several locations in Austria, Hungary and Slovakia (red circle). 
Similar to winter, O3 concentrations at the same locations in Italy are also largely 
overestimated by both model resolutions in summer (~50 µg m-3, Fig. S3.1c). In 
autumn, the largest overestimates of low O3 concentrations at the finer resolution 
occur at northern European locations in the Netherlands and Belgium (Fig. S3.1d - 
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In spring, summer and autumn, O3 concentrations simulated at both 
resolutions in Malta are much higher compared to measurements (~ 40 µgm-3; Fig. 
S3.1b, c and d -red circle). This is due to the fact that at both resolutions, the grid 
box covering the Maltese Islands is represented as ocean and not land. Deposition 
Figure S 3.1: Modelled versus observed seasonal mean O3 for a) DJF b) MAM c) JJA d) SON 2007 
over a subset of 52 sites across the EMEP network as shown in Fig. 3.1. The arrow tails mark O3 
concentrations at the coarse resolution while the arrow heads represent the corresponding O3 
concentrations at the finer resolution.  
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of O3 is typically less over the sea than compared to over land, potentially leading to 
an overestimation in simulated O3 concentration compared to measurements at 
this location.  
 
 
Figure S 3.2: Seasonal mean modelled vs observed PM2.5 for 25 sites across the EMEP 
network for the year 2007. The arrow tails mark PM2.5 concentrations at the coarse 
resolution while the arrow heads represent the corresponding PM2.5 concentrations at the 







Chapter 4 Mortality associated with O3 and PM2.5 
air pollution episodes in the UK in 2006 
 
This chapter is in the review process in the journal Atmospheric Environment, in 
collaboration with: Prof Ruth M. Doherty, Dr Clare Heaviside, Dr Helen Macintyre, 
Dr Fiona M. O’Connor, Dr Sotiris Vardoulakis, Dr Lucy Neal and Dr Paul Agnew. I set 
up and conducted all model simulations, did the analysis and wrote the initial draft. 
Dr Lucy Neal and Dr Paul Agnew performed the Statistical Post-Processing 
Technique (SPPO) on simulated concentrations presented in this chapter. My 
supervisors and other co-authors provided feedback before the manuscript was 




Air pollution has been identified as one of the top global mortality risk factors by 
the 2015 Global Burden of Disease (GBD, 2016). Short-term exposure to ozone (O3) 
and particulate matter with an aerodynamic diameter less than 2.5 µm (PM2.5) has 
been linked to negative effects on lung function (Chen et al., 2015), increased 
hospital admissions and mortality (Bell et al., 2005; Ito et al., 2005; Levy et al., 2005; 
Bell et al., 2006; Atkinson et al., 2014; COMEAP, 2015b; Di et al., 2017) (see Section 
1.1).  
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O3 is a secondary pollutant which is not directly emitted into the atmosphere but is 
produced through chemical reactions of precursor emissions, while PM2.5 can be 
directly emitted or formed in the atmosphere via chemical processes. Meteorology 
is a key factor in determining concentrations of O3 and PM2.5, through its impact on 
chemical reaction rates via temperature, deposition of pollutants, boundary layer 
depth, stagnation of air and long-range transport. In the northern mid-latitudes and 
over the UK, the highest O3 concentrations typically occur in spring and summer 
(e.g. Anderson et al., 1996; Derwent et al., 1998; Monks, 2000), while the highest 
PM2.5 levels occur most often in spring, autumn and winter (e.g. AQEG, 2012; 
Harrison et al., 2012a; Harrison et al., 2012b). However, in anticyclonic weather 
conditions with low wind speeds, high levels of these two pollutants may occur 
concurrently (Fischer et al., 2004; Stedman, 2004) and in summer may also be 
associated with heatwaves (Solberg et al., 2008; Tong et al., 2010; Schnell and 
Prather, 2017) (see Section 1.7). Analysing the mechanisms responsible for the O3 
build-up over South East England during the August 2003 heatwave using the 
Community Multiscale Air Quality (CMAQ) model, Francis et al. (2011) found that 
convergence of westerly and easterly flows over the UK led to trapping of 
transported O3 from mainland Europe, thus leading to increased O3 levels. Using 
surface and satellite observations, Pope et al. (2016) also found that in the summer 
period (April-September 2006), anticyclonic conditions with low wind speeds and 
easterly flows significantly enhanced O3 concentrations over the UK relative to 
summer-time average values and further show that the UK Met Office regional air 
quality model (AQUM) successfully reproduces UK increased O3 concentrations 
under such synoptic conditions for this period. 
Several studies have examined the impact of short-term exposure to O3 and 
particulate matter (PM) on human health during air pollution episodes. Rooney et 
al. (1998) estimated that 619 extra deaths occurred during the heatwave between 
July and August 1995 in England and Wales relative to the expected number of 
deaths based on the 31-day moving average for that period of which 62% of the 
Chapter 4 Mortality associated with air pollution episodes  
127 
 
excess mortality was attributable to concurrent increases in air pollution. During the 
first two weeks of August 2003, a major heatwave occurred across much of Europe 
with temperatures in the UK reaching a record of 38.5 °C associated with a 
persistent high pressure system over Europe (Johnson et al., 2005; Lee et al., 2006; 
Solberg et al., 2008; Vieno et al., 2010). Between the 4th and 13th August 2003, an 
excess of 2,139 deaths above the 1998-2002 average baseline mortality for that 
period was estimated in England and Wales (16% increase, Johnson et al., 2005). 
For the first two weeks in August 2003 in England and Wales, an estimated 83 and 
29 deaths per day were associated with short-term exposure to daily maximum 8hr 
running mean (MDA8) O3 and 24 hour mean PM10 (particulate matter with an 
aerodynamic diameter less than 10 µm), respectively (Stedman, 2004), assuming a 
0.6% (O3) and 0.5% (PM10) increase in mortality for a 10 µg m
-3 increase in each 
pollutant (COMEAP, 1998). This represented an increase of 38 (O3) and 13 (PM10) 
deaths per day compared with the previous year. Heal et al. (2013) also estimated 
population burdens attributable to short-term exposure to O3 in 2003 for all UK 
regions however, they quote annual values which add up to a total of around 
11,500 deaths brought forward. In the Netherlands, between the 31st July and 13th 
August 2003, Garssen et al. (2005) estimated an excess of around 500 deaths 
compared to the baseline mortality of an average summer. Also in the Netherlands, 
Fischer et al. (2004) estimated that between June and August 2003, 15 and 16 daily 
deaths brought forward were associated with short-term exposure to O3 and PM10, 
respectively. Compared to the O3 and PM10-related deaths brought forward 
between June and August 2000, approximately 4 and 2 additional daily deaths were 
brought forward in 2003. The concentration response functions used by Fischer et 
al. (2004) were of 0.5% and 1.3% increase in mortality for a 10 µg m-3 increase in 
8hr mean O3 and weekly mean PM10 (Hoek et al., 2000).  
In a recent study over the UK, a spring time air pollution episode in 2014 
(totalling 10 days) was associated with ~ 60 daily deaths brought forward from 
short-term exposure to PM2.5 when assuming a 1.04% increase in mortality for a 10 
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µg m-3 increase in 24-hour mean PM2.5 (Macintyre et al., 2016). Using observed 
PM2.5 levels from other years, it was estimated that the mortality burden was 2.0 to 
2.7 times that associated with typical urban background levels of PM2.5 at this time 
of year (Macintyre et al., 2016). As evident from above, differences in health 
estimates between these previous studies are mainly due to differences in the 
concentration response function used, as well as the magnitude of pollutant 
concentrations and the baseline mortality estimates (which vary for each country 
and from year to year). The method for calculating the excess deaths is also not 
consistent between the studies and thus a direct comparison between the different 
studies is not possible.  
Under climate change, the risk of heatwaves in the future will likely increase. 
In the absence of air quality abatement measures, this could give rise to increases in 
the occurrence of air pollution episodes and UK health burdens associated with 
short-term exposure to O3 and PM2.5. However, the frequency of air pollution 
episodes will likely also be affected by climate change through changes in the 
frequency of large-scale blocking episodes which have been shown to decrease in 
winter and summer over Europe in the 21st century (Masato et al., 2013). 
In this chapter, the focus is on air pollution episodes during a well-known 
heatwave in summer 2006 during which stagnant weather conditions resulted in 
high O3 and PM2.5 concentrations across the UK. To identify these episodes, the 
Daily Air Quality Index (DAQI) (Section 1.4.1) which gives information on the air 
pollution levels in the UK and provides recommended actions and health advice is 
used (Defra, 2013b). The index ranges from ‘low’ (1) to ‘very high’ (10) and is 
divided into four bands (‘low’, ‘moderate’, ‘high’ and ‘very high’). The DAQI is 
determined by the highest concentrations of any of the following five pollutants: 
nitrogen dioxide (NO2), sulphur dioxide (SO2), O3, PM10 and PM2.5 (uk-
air.defra.gov.uk). For this study, episodes were defined based on when the DAQI 
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reached ‘moderate’ to ‘high’ values in the majority of the England regions, Scotland 
and Wales. 
Between the 16th and 28th of July 2006, there was a 4% increase in baseline all-
cause mortality (~ 680 excess deaths, Office for National Statistics, 2006) which was 
lower than that observed in August 2003 (16% increase). During July 2006, elevated 
temperatures were associated with persistent anticyclonic conditions that favoured 
the advection of dry air masses over most of northern Europe and the UK (Rebetez 
et al., 2009). The then UK Health Protection Agency (HPA) used measurements of 
pollution from fixed site monitors to estimate that between June and July 2006, 11 
and 7 additional daily deaths brought forward in England and Wales were 
associated with increased O3 and PM10 concentrations compared to 2004 (assuming 
a 0.3% and 0.75% increase in deaths brought forward for a 10 µg m-3 increase in O3 
and PM10, respectively) (HPA, 2006). Monitoring of PM2.5 concentrations only 
became routine in the UK since 2008/9 following the 2008 ambient air quality 
directive (EU, 2008) and thus due to lack of measurement data, the PM2.5 health 
burden has not previously been quantified for this period.  
This chapter presents new estimates of health burdens associated with 
short-term exposure to MDA8 O3 and daily mean PM2.5 for two air pollution 
episodes in July 2006 using detailed spatio-temporal air pollution modelling for the 
UK and links to the underlying meteorology for the air pollution episodes in this 
period. Pollutant concentrations are simulated using the UK Met Office’s air quality 
model (AQUM) at 12 km horizontal grid resolution. The impact on all-cause 
mortality was calculated both at a national level, also for the nine Government 
Office Regions (GOR) in England, and for Scotland and Wales (Fig. 2.5; Section 2.3).  
The chapter is organised as follows: Section 4.2 describes the modelling 
framework used to simulate the O3 and PM2.5 pollutant concentrations and the 
methods used to calculate the health burdens associated with short-term exposure 
Chapter 4 Mortality associated with air pollution episodes  
130 
 
to MDA8 O3 and daily mean PM2.5 for each region. Section 4.3 presents the 
observed long-term daily time series of MDA8 O3 and daily mean PM2.5 
concentrations for multiple years which are used to identify the air pollution 
episodes. For both July 2006 episodes the local temporal variability of simulated 
pollutant concentrations and meteorological drivers of the air pollution episodes 
are first analysed in Section 4.4.1, then the spatial variability of MDA8 O3 and daily 
mean PM2.5 concentrations across the UK is analysed in Section 4.4.2. The health 
impact assessments for the July 2006 air pollution episodes are then presented in 
Section 4.5 followed by conclusions in Section 4.6.  
 
4.2 Methods  
 
4.2.1 Air Quality in the Unified Model - AQUM 
 
The model used in this chapter is the air quality model AQUM (Air Quality in the 
Unified Model) which is a limited–area model configuration based on the UK Met 
Office Unified Model (MetUM, Brown et al., 2012) described in detail in Section 2.2. 
AQUM has a horizontal resolution of 0.11° × 0.11° (~ 12 km, Savage et al., 2013) 
with a domain covering the UK and parts of Western Europe. The model has 38 
vertical levels from the ground surface up to 39 km (with the lowest model level 
centred at 20 m). The model includes an interactive aerosol scheme CLASSIC 
(Coupled Large-scale Aerosol Simulator for Studies in Climate, (Bellouin et al., 2013, 
2011; Jones et al., 2001)), which simulates ammonium sulphate and nitrate, fossil-
fuel organic carbon (FFOC), mineral dust, soot and biomass burning (BB) aerosol 
interactively. Biogenic secondary organic aerosols are prescribed from a climatology 
(Bellouin et al., 2011) and sea salt is calculated over sea points only and does not 
contribute to PM concentrations over land (Section 2.1.4 and Section 2.2.3). Gas-
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phase chemistry is simulated within AQUM by the United Kingdom Chemistry and 
Aerosol (UKCA) model (Morgenstern et al., 2009; O’Connor et al., 2014). The 
chemistry scheme used is the Regional Air Quality (RAQ) chemistry scheme, which 
has 58 chemical species, 116 gas phase reactions and 23 photolysis reactions 
(Section 2.2.2). Lateral boundary conditions for chemistry and aerosols are derived 
from the GEMS (Global and regional Earth-system Monitoring using Satellite and in-
situ data) and MACC (Monitoring Atmospheric Composition and Climate) global 
reanalyses fields (Flemming et al., 2009) whilst meteorology is obtained from the 
UK Met Office Unified Model (MetUM) forecast fields (Section 2.2.4).  
Model simulations are performed for the year 2006 (allowing for model spin 
up) from which hourly pollutant concentrations during the chosen episodes are 
then extracted, and from which the MDA8 O3 and daily mean PM2.5 are calculated. A 
statistical post-processing bias correction technique (SPPO) (Section 2.2.5) is applied 
to correct O3 and PM2.5 simulated concentrations. As outlined above, all simulated 
O3 and PM2.5 concentrations shown in this study are taken from the lowest model 
vertical level having a midpoint at 20 m. Bi-linear interpolation is used to extract 
simulated O3 and PM2.5 concentrations at measurement sites for observation-model 
comparison. The SPPO technique is applied to the pollutant concentrations quoted 
in Section 4.4.1 and in the health section of this chapter (Section 4.5) while 
pollutant concentrations shown in Section 4.4.2 are not bias corrected to enable 
comparison with the simulated meteorological fields. It is noted that the bias 
corrected concentrations should agree well with observations as these stations are 
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4.2.2 Measurement data 
 
Modelled MDA8 O3 and daily mean PM2.5 concentrations for 2006 are evaluated 
against measurements from the Automatic Urban and Rural Network (AURN) while 
observed temperatures are evaluated against measurements from the Met Office 
Integrated Data Archive System (MIDAS) network (Section 2.3). Details on the sites 
used for model evaluation can be found in Section 2.3. Site locations from the AURN 
and MIDAS networks are illustrated in Fig. 4.3 and Fig. 4.5, respectively.  
 
4.2.3 Heath impact assessment 
 
Estimated attributable fraction of mortality and mortality burden associated with 
short-term exposure to MDA8 O3 and daily mean PM2.5 are calculated for each of 
the nine GOR for England, and for Scotland and Wales (shown in Fig. 2.5) following 
equations 2.5 to 2.8 Section 2.4.2. 
The CRFs used in this chapter for short-term exposure to MDA8 O3 is of 0.34 
% (95% confidence interval (CI): 0.12%, 0.56%) per 10 µg m-3 increase in MDA8 O3, 
and for short-term exposure to PM2.5-related health impacts a CRF of 1.04 % (CI: 
0.52%, 1.56%) per 10 µg m-3 increase in 24-hr mean PM2.5 is used (Table 1.2; Section 
2.4.2) . As limited evidence is available for a threshold below which no adverse 
effects for short-term exposure to MDA8 O3 and daily mean PM2.5 exist, no 
threshold was applied to pollutant concentrations (Section 1.4.4).  
To quantify the deaths brought forward associated with air pollution during 
the episodes the ‘typical’ air pollution related daily deaths brought forward that 
would have occurred in the absence of an air pollution episode are first estimated. 
This is done by replacing the modelled pollutant concentration which varies for 
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each day of the air pollution episode (𝑥𝑖𝑗) in equation 2.8 with the summer mean 
pollutant concentration (following the method in Macintyre et al. 2016), which is 
assumed to be representative of air pollution levels when an episode does not 
occur. All other variables are left unchanged, therefore when calculating the 
‘typical’ daily deaths, the 𝐴𝐹𝑖𝑟 for each day is the same, with baseline mortality 
(𝐵𝑀) still varying daily. The excess deaths are then estimated by subtracting the 
‘typical’ estimated deaths brought forward from the episode estimated deaths 
brought forward.  
 
4.3 Identification of air pollution episodes from observations 
 
Measured MDA8 O3 and daily mean PM2.5 concentrations from 2005 to 2007 
(inclusive) at the Rochester Stoke site (rural background; Section 2.3) are shown in 
Fig. 4.1. The seasonal profile of MDA8 O3 concentrations is similar for all three 
years, with the highest concentrations occurring in the summer months and the 
lowest in winter (Fig. 4.1a). Superimposed on this seasonal cycle are daily variations 
in MDA8 O3. A seasonal cycle is less evident for daily PM2.5 concentrations between 
2005 and 2007 (Fig. 4.1b), although a background level of 5-10 µg m-3 is evident 
with substantial day-to-day variability. In 2007, PM2.5 peak levels are highest in 
spring and winter, whilst in 2005 and 2006 concentrations show highest peaks in 
autumn (Fig. 4.1b). The analysis is focused on periods during 2006 using two criteria 
to define air pollution episodes: a) high MDA8 O3 and daily mean PM2.5 
concentrations occurring concurrently and b) a DAQI (Section 1.4.1) reaching a 
‘moderate’ or ‘high’ level over the majority of the regions across the UK. This 
resulted in the selection of two 5-day periods from the 1st -5th July 2006 and from 
the 18th -22nd July 2006, which are described below. 
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In July 2006, measured MDA8 O3 concentrations reached 150 µg m
-3 on 2nd 
July 2006 at Rochester Stoke (Fig. 4.1a) which are higher compared to adjacent 
years. Daily mean PM2.5 concentrations at the same station also show peaks 
occurring during July 2006 (up to 26 µg m-3 on the 4th July, Fig. 4.1b). Similarly peaks 
for MDA8 O3 and daily mean PM2.5 concentrations during this same period were 
noted at the London Bloomsbury and Harwell stations (Fig. S4.1 Section 4.7). PM2.5 
concentrations of 0 µg m-3 in Fig. 4.1b and Fig. S4.1 indicate missing data and not 
actual concentrations of 0 µg m-3. 
Between the 1st and 5th of July 2006 the DAQI reached a ‘moderate’ or ‘high’ level in 
96% of the regions in England, Scotland and Wales and in 88% of the regions 
between the 18th and the 22nd of July 2006 (uk-air.defra.gov.uk). This suggests that 
overall, more extensive high pollutant concentrations occurred in the first episode 
compared to the second episode. In particular, in the south east region, the DAQI 
reached a ‘high’ level during most days of the first episode and a ‘moderate’ level 
during most of the second episode. The only day during the second episode that 
had a higher DAQI across the regions compared to the first episode was the 19th of 
July when the DAQI reached a ‘high’ level (8; Section 1.4.1) in three regions (Eastern 
England, London and West Midlands).  
 
  




Figure 4.1: (a) Daily maximum 8-hr running mean (MDA8) O3 and (b) daily mean PM2.5 at the 
Rochester Stoke AURN rural background station from 2005 (dotted), 2006 (red for O3 and blue for 









 July 2006). 
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4.4 Meteorological factors contributing to the air pollution 
episodes 
 
4.4.1 Temporal variability of pollutants and meteorology during the 
pollution episodes 
 
Simulated (original and bias corrected - as described in Section 4.2.1) and observed 
MDA8 O3 and daily mean PM2.5 concentrations for July 2006 are shown in Fig. 4.2a 
for the Rochester Stoke site (rural background). Using the raw model output for 
both episodes, MDA8 O3 concentrations are underestimated (mean bias = -10.72 µg 
m-3 and r = 0.67; Table 4.1) while daily mean PM2.5 concentrations are 
overestimated (mean bias of 26.29 µg m-3 and r = 0.67; Table 4.1). When applying 
the SPPO bias correction technique (Section 2.2.5), the temporal variability of MDA8 
O3 and daily mean PM2.5 concentrations is largely unaltered with peaks captured 
well during both episodes (Fig. 4.2a) and with mean bias errors reducing to -2.76 µg 
m-3 (r = 0.89) and 12.03 µg m-3 (r = 0.81), respectively (Table 4.1).  
  




Table 4.1: Statistics comparing daily mean model and observed pollutant concentrations and 
meteorological variables for both original (Raw) and bias corrected (SPPO – Statistical Post-








 July at 
Rochester Stoke. 
 





Raw -10.72 0.67 






Raw 26.29 0.67 














Raw -0.44 0.85 
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Figure 4.2b shows simulated and observed daily mean meteorological 
variables (surface temperature, wind speed and wind direction) during July 2006 at 
the Rochester Stoke site. Daily variations of temperature, wind direction and wind 
speed are well captured by the model during both episodes, with r values equal to 
0.69, 0.95 and 0.85 respectively (N.B. measured temperatures are taken from St 
East Malling which is approximately 9 miles from Rochester Stoke). However, the 
magnitudes of daily mean wind speed is generally underestimated (mean bias = -
0.44 m s-1; Table 4.1), while temperature is generally overestimated (mean bias = 
0.85 °C; Table 4.1). At Rochester Stoke, wind speeds during both air pollution 
episodes are generally low (between ~2 and ~ 4 m s-1; Fig. 4.2b) compared to the 
rest of July, though wind speeds are fairly low throughout this month (not 
exceeding 7 m s-1; Fig. 4.2b). Compared to the rest of July, daily mean temperatures 
are higher during the two episodes as well as at the end of the month (ranging from 
~20 °C to ~27 °C; Fig. 4.2b). During the first episode, measured and simulated daily 
mean wind directions ranged from ~ 60° (north east; Fig. 4.2b) to ~ 200° (south 
west; Fig. 4.2b). In the later July episode wind directions ranged from ~ 60° to ~ 90° 
for the first two days (north east to east; Fig. 4.2b) and from ~ 140° to ~ 230° for the 
last three days (south east to south west; Fig. 4.2b). However the prevailing wind 











Figure 4.2: Daily time series during July 2006 of modelled (solid lines) and observed (dashed lines) a) PM2.5 
(blue) and MDA8 O3 (red) b) wind direction (degrees are taken clockwise starting from the north - yellow), 
wind speed (orange) and temperature (green) at the rural background AURN station in Rochester Stoke 
(observed temperatures were obtained from the nearest MIDAS station to Rochester Stoke which is at East 









July)). Solid lines with dots indicated the original simulated concentrations while the solid lines with no dots 
show the bias-corrected concentrations using the SPPO technique. 
(a
(b
Rochester Stoke (Rural Background) 
Pollutant Concentrations 
Meteorological Variables 
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4.4.2 Spatial variability of O3 and PM2.5 concentrations and 
meteorology during the pollution episodes across the UK  
 
The spatial distributions of simulated surface MDA8 O3 and daily mean PM2.5 
averaged for all of July, and for the two 5-day air pollution episodes are shown in 
Fig. 4.3 (concentrations shown here are not bias-corrected to enable comparison 
with meteorology; however spatial patterns for bias-corrected pollutant 
concentrations are similar (Fig. S4.2 Section 4.7). Simulated MDA8 O3 
concentrations during all three averaging periods generally compare well with 
observations (to within 15 µg m-3; Fig 4.3a-c). However, simulated MDA8 O3 
concentrations at London Bloomsbury are higher than observed concentrations 
during the first episode (by ~ 47 µg m-3, Fig. 4.3b). July mean MDA8 O3 
concentrations range between ~ 80 µg m-3 in Scotland to ~ 120 µg m-3 in south 
eastern and eastern England (Fig. 4.3a). For the first episode, simulated MDA8 O3 
concentrations are highest in the west of England with concentrations reaching ~ 
180 µg m-3 in Wales and up to ~ 210 µg m-3 in South West England (Fig. 4.3b). 
Simulated MDA8 O3 concentrations during the second episode are lower reaching ~ 
150 µg m-3 in the south of England and also less variable across the UK than for the 
first episode (Fig. 4.3c) as noted for the DAQI in Section 4.3. 
Simulated daily mean PM2.5 concentrations during July and the second 
episode are generally in agreement with observations at Harwell, but are 
overestimated over the London Bloomsbury and Rochester Stoke locations during 
the two episodes (Fig 4.3 d-f). Neal et al. (2017) also find an all year round small 
positive bias in simulated PM2.5 concentrations for a 5-year period at two 
background observational sites. For all three periods shown, higher daily mean 
PM2.5 concentrations are simulated over England and Wales compared to Scotland 
with a stronger North-South spatial gradient occurring during the air pollution 
episodes compared to July. Simulated daily mean PM2.5 concentrations are highest 
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during the first episode reaching ~ 45 µg m-3 in the west of England (Fig. 4.3e). The 
spatial pattern of simulated PM2.5 concentrations in the second episode differs from 
that found in the first episode. Simulated daily mean PM2.5 concentrations are 
higher in south east England compared to the west of England for this later episode 
(~ 45 µg m-3 compared to ~ 20 µg m-3, Fig. 4.3f) 
Figure 4.3: Simulated daily maximum 8-hr running mean O3 concentrations for (a) July mean, (b) 1-
5 July mean and (c) 18-22 July 2006 mean and simulated daily mean PM2.5 concentrations for the 
same time periods (d, e and f) (NB concentrations shown here are not bias corrected to enable 
comparison with meteorology; however spatial patterns are similar (refer to Supplement)). The 
circles in each plot are coloured with measured data of the respective pollutant at 3 AURN sites - 
Rochester Stoke, Harwell and London Bloomsbury.  
Chapter 4 Mortality associated with air pollution episodes  
142 
 
Many factors can contribute to high MDA8 O3 and daily mean PM2.5 
concentrations during these two episode periods. First the spatial variations in 
meteorology (surface wind direction, wind speed, pressure and temperature) within 
the model domain are presented. Wind direction and wind speeds for all model 
land grid boxes across the UK are illustrated in Fig 4.4. For July 2006, the simulated 
prevailing hourly wind direction is from the south west (~55% of the time) with a 
mean wind speed of 1.6 m s-1 (Fig. 4.4a). Simulated mean wind speeds during the 
two episodes are of similar magnitude to the whole July period. However, the 
dominant wind direction varies between the two episodes. Over most of the UK 
easterly and south easterly winds occur during the first episode (~32% and ~22% of 
the time, respectively; Fig 4.4b), whilst for the later episode south easterly and 
southerly winds are more prevalent (~52% and ~36% of the time, respectively; Fig 
4.4c). Thus light winds bringing air from continental Europe are characteristic of 
both the episodes in July 2006. Note that the general wind direction across the UK 
differs slightly from that at the Rochester Stoke location where the prevailing wind 
direction is north easterly and easterly during both episodes (Section 4.4.1). The 
different wind direction for Rochester Stoke (Section 4.4.1) might be linked to the 
Figure 4.4: Wind roses showing the frequency of hourly wind directions for each land grid box in 








 July 2006. Colours indicate the wind speed.  
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coastal location of this site.  
Simulated spatial variations in daily mean surface pressure, wind direction 
and temperature are shown in Fig. 4.5. In July light winds of a south to south-
westerly direction over southern and central England are indicated by the widely 
spaced simulated pressure contours and wind vectors in Fig. 4.5a and 4.5d, 
respectively. During this same period, anticyclonic conditions are simulated over 
northern Europe (> 1020 hPa, Fig. 4.5a). As discussed above, during the first 
episode, a change in wind direction compared to the July mean can be noted with 
winds blowing from an easterly and south easterly direction over most of the UK 
(Fig. 4.5e, Fig 4.4b). Also, higher pressures over central and northern UK (>1019 
hPa) occur compared to the July mean with the high pressure centred over Norway 
and Sweden (Fig. 4.5b). A high pressure system is also characteristic of the second 
air pollution episode, but in this case is centred over the North Sea (Fig. 4.5c, f.). The 
high pressure simulated during both episodes leads to light winds and hence 
favourable stagnant weather conditions for high pollutant concentrations as well as 
slow transport of pollution from the European continent. Other possible reasons for 
high pollutant concentrations may include lack of cloud and precipitation, 
enhancing photolysis as well as reducing wet deposition. Using the same model 
Pope et al. (2016) also found O3 concentrations to be high under anticyclonic and 
south-easterly conditions for the summer (Apr-Sept) 2006. High temperatures are 
also associated with anticyclonic conditions as discussed in Section 4.4.1. An 
increase in simulated daily mean surface temperatures during the two episodes 
compared to the July mean can be clearly seen (Figs. 4.5g-i). Measured daily mean 
surface temperatures from three MIDAS stations are also shown as coloured circles 
(Upper Lambourn, St James Park London and East Malling). Good agreement can be 
seen between modelled and observed July mean temperatures (to within 0.5 °C) at 
the St James Park station in Greater London. However, over the other two locations, 
July-mean temperatures are overestimated by the model by about 1°C for the 
Upper Lambourn and East Malling sites. Simulated July mean temperatures range 
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from 15°C to 23°C and are highest in south east England (Fig. 4.5g). While the spatial 
distribution of simulated temperatures during the two episodes is similar to those in 
July (low temperatures in the north and high temperatures in the south), daily-
mean values are generally between 16°C and 24°C  for the first episode and range 
between 19°C and 26°C  during the later episode (Fig. 4.5h and 4.5i). These higher 
temperatures in the central and south eastern England may partly explain the 
higher simulated MDA8 O3 concentrations towards the south east of England for 
the July mean and two episodes as temperature and sunlight promote 
photochemical formation of O3 (Fig. 4.5). PM2.5 concentrations may also be 
influenced by temperature (c.f. Fig. 4.3d-f; Fig 4.56g-i). Higher temperatures may 
lead to increased sulphate aerosol formation due to increased reaction rates; 
however levels of other secondary components of PM2.5 (e.g. nitrate aerosol) may 
be reduced due to increased partitioning from the aerosol phase into the gas phase 
(Doherty et al., 2017; Fiore et al., 2012). Overall, anticyclonic conditions of light 
winds, high temperatures, combined with prevailing easterly and south easterly 
wind directions contribute to high MDA8 O3 and daily mean PM2.5 levels during the 
two episodes, likely due to local emissions trapping as well as slow transport of both 
primary and secondary pollution from the European continent.  
 
  




Figure 4.5: Daily mean air pressure at mean sea level (top panel), wind vectors (middle panel) and 









 July (right column). Measured levels of daily mean temperature averaged 
for the same time periods from three MIDAS stations (St James Park, East Malling and Upper 
Lambourn) are shown in coloured circles (bottom panel)  
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4.5 Mortality from short term exposure to O3 and PM2.5 
 
In this section the attributable fraction of mortality and mortality burdens 
associated with short-term exposure to MDA8 O3 and daily mean PM2.5 
concentrations using bias-corrected population-weighted pollutant concentrations 
for the two episodes in July 2006 are presented (refer to Fig. S4.1) at the national 
and for each GOR region in England, Scotland and Wales (Section 4.2.3). For each 
region, the total population and the population-weighted MDA8 O3 concentrations 
for the summer (June-July-August, JJA) and for the two episode periods together 
with the percentage of all-cause mortality and the estimated number of deaths 
brought forward are shown in Table 4.2. In summer, population-weighted simulated 
MDA8 O3 concentrations range from ~75 µg m
-3 in Scotland to ~ 96 µg m-3 in east 
England (Table 4.2). In contrast, MDA8 O3 concentrations range from ~ 98 µg m
-3 to 
~ 155 µg m-3 in the first episode (for Scotland and South West England, respectively; 
Table 4.2) and from ~ 112 µg m-3 to ~ 147 µg m-3 in the second episode (for Scotland 
and East England, respectively; Table 4.2). These regions having the highest 
simulated population-weighted bias corrected MDA8 O3 concentrations are the 
same regions that have the highest uncorrected pollutant concentrations as 
discussed in Section 4.4.2. The south west and the east of England regions are also 
the regions with the highest percentage of all-cause mortality attributed to air 
pollution (AF) during the first and second episode, respectively (5.16% and 4.87%; 
refer to Table S4.1 in Section 4.7 for confidence intervals for all the regions) as this 
value only depends on the population-weighted pollutant concentration which is 
highest in these regions (refer to equation 2.6 to 2.8 in Section 2.4.2). The AF due to 
short-term exposure to MDA8 O3 is higher for the first compared to second episode 
which again reflects the higher concentrations discussed in Section 4.4.2.  
 The total health burden associated with short-term exposure to MDA8 O3 
summed over all the regions for the first and second episode is similar: 69 and 70 
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daily deaths brought forward, respectively (Table 4.2; refer to Table S4.1 for 
confidence intervals for all the regions). However, as discussed in Section 4.4.2 
higher MDA8 O3 concentrations are simulated during the first compared to the 
second episode. The calculation to determine the health burden does not depend 
solely on pollutant concentrations but also depends on the population of the region 
as well as the baseline mortality. For each region, the all-cause baseline mortality in 
the second episode is higher compared to that in the earlier episode (by up to 17 
daily deaths in the West Midlands) which may be linked to higher temperatures 
over that period. Therefore differences in baseline mortality between the two 
episodes appear to balance differences in simulated MDA8 O3 concentrations when 
calculating the mortality attributable to short-term exposure to MDA8 O3 (as 
described in equation 2.5 Section 2.4.2). The regions with the highest health burden 
during both air pollution episodes are the North West and South East England 
(Table 4.2) which is due to a combination of high pollutant concentrations and a 
larger total population in these two regions (Table 4.2).   
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The population-weighted daily mean PM2.5 concentrations during summer 
range from 9.4 µg m-3 in Scotland to 14.7 µg m-3 in east midlands and east England. 
Higher concentrations occur during the first and second episode with 
concentrations range from 17 µg m-3 to 38 µg m-3 (in Scotland and North West; 
Table 4.3) and from 15.4 µg m-3 to 28.5 µg m-3 (in Scotland and East England; Table 
4.3), for the first and second episodes, respectively. The percentage of attributable 
all-cause mortality is highest in the North West and East England regions for the 
first (3.9%) and second episode (2.9%), respectively, again reflecting high PM2.5 
concentrations in these regions (Table 4.3; refer to Table S4.2 in Section 4.7 for 
confidence intervals in mortality estimates for all the regions). Due to higher 
population-weighted PM2.5 concentrations during the first episode compared to the 
later episode, the percentage of attributable all-cause mortality is overall also 
higher during the first episode. The total number of deaths brought forward 
attributable to short-term exposure to PM2.5 during the first and second episodes 
are 43 and 36 daily deaths brought forward, respectively (Table 4.3). In this case 
differences in PM2.5 concentrations between the two episodes outweigh differences 
in baseline mortality when calculating the mortality attributable to short-term 
exposure to PM2.5 thus resulting in a higher number of estimated deaths brought 
forward in the first compared to the second episode (as described in equation 2.5 
Section 2.4.2). The regions having the highest number of deaths brought forward 
during the first and second episode are again the North West and South East 
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Using the summer mean (JJA) pollutant concentrations discussed above as 
‘typical’ concentrations that would occur in the absence of an air pollution episode, 
it is estimated that the mortality burden associated with short-term exposure to 
MDA8 O3 in the first and second episode is 38% and 36% higher than the ‘typical’ 
summer mean estimate, respectively (Table 4.4; refer to Section 4.2.3). Similarly, it 
is found that the mortality burden associated with short-term exposure to daily 
mean PM2.5 during the first and second episode is 56% and 39% higher than if the 
concentrations were more similar to those occurring in the absence of an air 
pollution episode (Table 4.4; regional estimates for ‘typical’ concentrations can be 
found in Tables S4.1 and S4.2; Section 4.7). 
Estimated health burdens attributable to exposure to MDA8 O3 during both 
episodes are lower than estimates for the first two weeks of August 2003 derived by 
Stedman (2004) (~70 compared with 88 daily deaths). This difference is due 
primarily to the use of a concentration response function by Stedman (2004) that is 
about double that used in this study (0.6% compared with 0.34% for a 10 µg m-3 
increase in MDA8 O3) as well as different baseline mortality rates as discussed 
previously. The PM2.5-related estimates presented in this chapter differ from 
estimates of Macintyre et al. (2016) of approximately 59 daily deaths brought 
forward from short-term exposure to PM2.5 during a total of 10 days across the UK 
in spring 2014 (compared to 43 and 36 daily deaths brought forward during the first 
and second episode in this study). The PM2.5-related concentration response 
function used in this chapter and that of Macintyre et al. (2016) is the same, 
however population-weighted daily mean PM2.5 concentrations during the air 
pollution episode studied in Macintyre et al. (2016) reach a mean concentration of 
50 µg m-3, which is approximately 12 µg m-3 higher than the highest mean daily 
population-weighted PM2.5 concentrations observed during the first episode in 
North West England in this study (38 µg m-3, Table 4.3). PM2.5 concentrations for 
both July episodes in this study are unusually high compared to other years (Figure 
4.1b for 2005 and 2007) and although slightly lower, are of similar magnitude to 
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those reported in spring 2014 by Macintyre et al. (2016). Hence the health burden 
estimated in this chapter for the July 2006 episodes is somewhat comparable to the 






































































































































































































































































































































































   
   













































































































































































































































































































































































































Air pollution episodes are typically driven by stagnant weather conditions. Between 
the 1st - 5th  July and the 18th - 22nd  July 2006,  persistent anticyclonic conditions 
with mean sea-level pressures ~ 1020hPa, light winds, high temperatures, and 
prevailing winds from the East and South East led to high MDA8 O3 and daily mean 
PM2.5 levels, likely emanating from both local emissions trapping and processing, 
and slow transport of pollution from continental Europe. 
Over the two episodes in July 2006, the estimated total mortality burden 
associated with short-term exposure to MDA8 O3 is around 70 daily deaths brought 
forward summed across the UK. By using summer 2006 (JJA) population-weighted 
simulated MDA8 O3 concentrations as ‘typical’ concentrations during this time of 
year, the health burden is estimated to be 38% and 36% higher during the first and 
second episode, respectively compared to the summer average. The estimated 
health burden associated with short-term exposure to PM2.5 varies between the 
two episodes resulting in 43 and 36 daily deaths brought forward during the first 
and second episode, respectively. Using PM2.5 concentrations representative of the 
summer average, the health burden is estimated to be 56% and 39% higher than if 
the pollution levels represented typical season-mean concentrations.  
  The regions with the highest percentage of all-cause mortality (AF) 
associated with short-term exposure to MDA8 O3 and daily mean PM2.5 varied 
between the episodes, as this depends on population-weighted pollutant 
concentrations. During the first episode in July 2006 the regions with the highest 
simulated population-weighted MDA8 O3 and daily mean PM2.5 concentrations and 
thus the highest AF due to exposure to MDA8 O3 and daily mean PM2.5 were the 
South West and North West regions. During the second air pollution episode, MDA8 
O3 and daily mean PM2.5 concentrations were highest in the East of England 
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resulting in the highest AF in this region.  In contrast, the estimate mortality also 
depends on the baseline mortality and thus for all episodes, regions with the 
greatest total population which coincided with relatively high pollutant 
concentrations had the highest mortality estimates (e.g. North West and South East 
regions).  
Results in this chapter show that episodes of high MDA8 O3 and daily mean 
PM2.5 such as those presented in this study can lead to an increase in deaths 
brought forward up to double that expected from typical concentrations over the 
same period.  
In this chapter concentration-response functions derived from single pollutant 
studies are used, and thus relationships between O3 and/or PM2.5 concentrations 
with health effects are not accounted for. However, the effects of O3 and those of 
PM have been shown to be relatively independent (WHO, 2006). Also, in the 
calculation to estimate the excess deaths during the chosen episodes compared to 
‘typical’ conditions only ‘typical’ pollutant concentrations are taken into account 
however, baseline mortality data for the episode dates is left unchanged. Therefore 
estimates of the impact of the air pollution episode are conservative. Nonetheless, 
this study provides insights into the health effects of short-term exposure to MDA8 
O3 and daily mean PM2.5 during air pollution episodes in July 2006 in the UK as well 
as the meteorological drivers. Using modelled pollutant concentrations at a 12 km 
resolution, this study also provides an indication of the regional variability of such 
impacts which is difficult to achieve with the paucity of observational data.  
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4.7 Supplementary Material 
 
In this section additional figures and tables representing: measured MDA8 O3 and 
daily mean PM2.5 concentrations from 2005 to 2007 (inclusive) at the London 
Bloomsbury and Harwell site (Fig. S4.1), spatial distributions of simulated bias-
corrected MDA8 O3 and daily mean PM2.5 concentrations (Fig. S4.2), and tables 
including the estimated regional daily deaths brought forward during the episodes 
as well as the associated 95% CI for both pollutants (Table S4.1 and S4.2) are shown. 
 
 
Figure S 4.1: Daily maximum 8-hr running mean (MDA8) O3 (top panel) and daily mean PM2.5 
(bottom panel) at (a and c) the London Bloomsbury and (b and d) the Harwell AURN urban and 
rural background stations from 2005 to 2007 (inclusive). Black points mark the two 5-day air 
pollution episode days for July 2006.  





Figure S 4.2: Simulated bias-corrected daily maximum 8-hr running mean O3 concentrations for (a) 
July mean, (b) 1-5 July mean and (c) 18-22 July 2006 mean and simulated daily mean PM2.5 
concentrations for the same time periods (d, e and f). The circles in each plot are coloured with 
measured data of the respective pollutant at 3 AURN sites - Rochester Stoke, Harwell and London 
Bloomsbury 
 































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter 5 Future health burdens associated with 
emission changes in the UK 
 
5.1 Introduction  
 
Present-day long-term exposure to ambient air pollution has been linked with 
adverse health impacts notably mortality in numerous studies (e.g. Burnett et al., 
2014; Jerrett et al., 2009; Krewski et al., 2009; Turner et al., 2015) (Section 1.1). Risk 
estimates or concentration response functions (CRFs) (section 1.4.3) for mortality 
associated with long-term exposure to ambient particulate matter less than 2.5 µm 
in diameter (PM2.5) are well established (e.g. Hoek et al., 2013; Krewski et al., 2009). 
Several studies have quantified the CRFs associated with long-term exposure to 
ozone (O3) (Jerrett et al., 2009; Turner et al., 2015) and nitrogen dioxide (NO2) 
(Hoek et al., 2013; Faustini et al., 2014; COMEAP, 2015a; Crouse et al., 2015) (see 
Section 1.1). However for both O3 and NO2, long-term effects are still emerging with 
the majority of studies to date performed over North America (Section 1.1).  
Air pollution levels are controlled by emissions, transport, chemical and 
physical formation and loss processes including deposition which are influenced in 
turn by meteorology; temperature, precipitation and relative humidity amongst 
others. Thus future air pollution levels (and in turn future health burdens) can be 
influenced by a number of factors including changes in emissions of air pollutants 
(both natural and anthropogenic) and in climate. In this chapter the focus is on the 
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emissions-driven impacts on air pollutants and the corresponding health burdens. 
To estimate future ambient air quality, several future scenarios are employed 
utilising the Intergovernmental Panel on Climate Change (IPCC) Representative 
Concentration Pathways (RCPs) (van Vuuren et al., 2011b). These are future 
pathways of global greenhouse gas (GHG) and air pollutants and their precursor 
emissions as used in the Coupled Model Intercomparison Project Phase 5 (CMIP5) 
project. They consist of a total of four scenarios that lead to radiative forcing levels 
from the combined effects of greenhouse gases and aerosols of 2.6 W m-2 (van 
Vuuren et al., 2011a), 4.5 W m-2 (Thomson et al., 2011), 6 W m-2 (Masui et al., 2011), 
and 8.5 W m-2 (Riahi et al., 2011) by 2100. For all RCPs, large decreases in emissions 
of particulate matter (PM) and precursors of O3 especially nitrogen oxides (NOx), 
carbon monoxide (CO), sulphur dioxide (SO2), fossil fuel black carbon (FFBC) and 
fossil fuel organic carbon (FFOC) are projected globally following the assumption of 
more stringent air pollution control measures over time (van Vuuren et al., 2011b). 
An exception is ammonia (NH3) which increases in nearly all scenarios and methane 
(CH4) which increases for RCP8.5. However these are global trends which may vary 
both spatially and temporally. Note that the assumption of more stringent air 
pollution measures across the globe is a caveat of the RCPs as these may not 
represent the true uncertainty in emissions pathways. In addition, it is noted that 
the RCPs are developed independently and are governed by different assumptions 
about social, economic and political development.  
Several studies have analysed the impact of emission changes on future 
pollutant concentrations both globally and regionally. For example, for O3, using a 
parameterized approach, Wild et al. (2012) suggest annual global mean reductions 
in O3 concentrations (~2 ppb) by 2050 under three RCPs due to reductions in O3 
anthropogenic precursor emissions; however under RCP8.5, global O3 
concentrations are estimated to increase (~1.5 ppb) as a result of elevated 
atmospheric CH4 concentrations. Using an improved and extended parameterized 
approach based on Wild et al. (2012), Turnock et al. (2018) suggest increases in 
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annual mean surface O3 concentrations across most world regions by 2050 which 
are mainly driven by regional emissions and changes in global CH4 abundance that 
occur under the ECLIPSE (Evaluating the CLimate and Air Quality ImPacts of Short-
livEd Pollutants) and the SSPs (Shared Socioeconomic Pathways) emission scenarios.  
There have been a number of global scale studies on the impact of future 
emission changes on O3 concentrations for Europe. Wild et al. (2012) find 
reductions in model ensemble mean annual O3 concentrations in Europe of 4.7 ppb 
and 2.0 ppb by 2050 under RCP2.6 and RCP6.0, respectively due to decreases in O3 
precursors (as above). On the other hand, O3 concentrations are found to increase 
by 0.3 ppb between 2000 and 2050 under RCP8.5 due to increases in CH4 
concentrations. In addition, reductions in regional NOx emissions are suggested to 
lead to increases in wintertime O3 concentrations as a result of the titration effect 
of NO on O3 (reaction R1.6; Section 1.2.1.2) for RCP8.5 in Europe despite using 
results from coarse model resolutions (1° × 1° to 5° × 5°; Wild et al. (2012), that 
potentially dilute high urban NOx emissions over large grid-cells (section 3.3.2)). 
However this study does not represent fully the non-linear chemistry that occurs 
between the O3 response and large NOx emission changes.  
For RCP4.5, Hedegaard et al. (2013) suggest O3 reductions of ~20% for most 
of the northern hemisphere for 2090 relative to 1990 due to decreases in 
anthropogenic emissions of NOx and non-methane volatile organic compounds 
(NMVOCs). However this signal is not consistent over all of Europe; O3 
concentrations increase in regions with high NOx levels (e.g. the Benelux region and 
the south of the UK) again due to the titration effect of NO on O3 (Hedegaard et al., 
2013). As a result of a 30% to 50% reduction in NOx emissions for 2030, Colette et 
al. (2012) find increases in O3 concentrations in regions with high NOx emissions 
especially in Northern Europe however, overall O3 concentrations are found to 
decrease substantially over Europe. Colette et al. (2012) also show large decreases 
in NO2 levels throughout Europe in 2030 due to these NOx emission reductions. In a 
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recent multi-model study, Im et al. (2018) suggest an average increase in O3 
concentrations (by up to ~6%) for Europe in response to a 20% reduction of 
anthropogenic emissions; this study also suggests a larger contribution of non-
regional sources for O3 concentrations in Europe than within region sources.  
Future emission changes also typically reduce PM2.5 concentrations due to 
reduced primary emissions as well as changes in secondary inorganic aerosol 
(Section 1.2.2) that occur through changes in SO2 and ammona (NH3) emissions. 
Sulphate and nitrate aerosols compete for ammonia, such that reductions in SO2 
emissions (which lead to reductions in sulphate concentrations) and increases in 
NH3 emissions could increase nitrate aerosol levels (Pye et al., 2009; Section 
1.2.2.1). Simulated PM2.5 concentrations under RCP4.5 are suggested to decrease 
across most of the northern hemisphere in the 2090s as a result of reduced 
anthropogenic emissions of SOx (sulphur oxides) and Black Carbon (BC) (Hedegaard 
et al., 2013). With a 20% reduction in anthropogenic emissions over Europe, Im et 
al. (2018) estimate a reduction in PM2.5 and NO2 levels especially over central and 
eastern Europe with a large contribution from regional sources.  
In the UK, Vieno et al. (2016) show decreases in PM2.5 concentrations in 
2030 as a result of 30% reductions in UK anthropogenic emissions of NMVOC, NOx, 
SOx, primary PM2.5 and NH3. The largest decreases in PM2.5 concentrations (~6%) 
resulted from 30% reductions in NH3 and primary PM2.5 emissions (Vieno et al., 
2016). Chemel et al. (2014) also suggest reductions in annual mean PM2.5 
concentrations of 20-40% in the Midlands for 2020 due to reductions in SO2, NOx 
and NMVOCs based on the MEGAPOLI (Megacities: Emissions, urban, regional and 
Global Atmospheric Pollution and climate effects, and Integrated tools for 
assessment mitigation) emission scenarios.  
Studying the impact of agricultural emissions reductions on PM2.5 
components and public health, Pozzer et al. (2017) estimate a decrease in global 
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mortality attributable to PM2.5 by about 250 thousand people per year globally due 
to a 50% reduction in agricultural emissions. This response is associated with non-
linear responses in the sulphate-nitrate-ammonia system as described above 
(Pozzer et al., 2017). However, the majority of recent studies focusing on future 
health burdens associated with long-term exposure to O3 and/or PM2.5 
concentrations under the RCPs typically analyse the combined emission and climate 
change impacts. Following RCP4.5, the estimated PM2.5 and O3-related global 
mortality burden is 1.1 ±0.5 and 0.2± 0.1 million avoided deaths per year in 2050, 
respectively (West et al., 2013). Silva et al. (2016a) suggest decreases in O3-related 
respiratory mortality in Europe for all four RCPs for the 2050s relative to the 2000s 
(16,600 to 49,400 annual avoided deaths) as a result of decreases in O3 
concentrations across Europe. Similarly, due to reduced PM2.5 concentrations, 
future premature mortality associated with long-term exposure to PM2.5 is found to 
decrease in the 2050s for all RCPs in Europe (187,000 to 200,000 annual avoided 
deaths) (Silva et al., 2016a).  
Some studies have focused on the UK future health impacts following 
different emission scenarios. Using three IPCC Special Report on Emissions 
Scenarios (SRES; Nakicenovic et al., 2000) and including population projections for 
2030, Heal et al. (2013) estimate that, the O3-health burden increases over the UK 
by 16-28% compared to that in 2003 (Heal et al., 2013). A recent modelling study 
for the UK examines air pollutant concentration changes in 2035 and 2050 and 
health impacts  following three UK specific scenarios; a baseline scenario with no 
climate change mitigation, a nuclear replacement scenario and a low-greenhouse 
gas scenario (Williams et al., 2018). In all three scenarios, NO2 concentrations 
decrease in 2050 due to reductions in NOx emissions. The subsequent reduction in 
long-term NO2- related mortality following the baseline scenario in 2050 is 
estimated to be ~6.5 (95% CI: 2.7 to 10.2) million life-years gained (Williams et al., 
2018) compared to 2011. PM2.5 concentrations across the UK are also projected to 
decrease for this baseline scenario leading to ~17.8 (3.1 to 34.2) million life-years 
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gained in 2050 compared to 2011 (Williams et al., 2018). Using the AQUM model 
(Section 2.2), Pannullo et al. (2017) find reductions in NO2 concentrations for three 
RCPs across the UK in the 2050s due to reductions in NOx emission totals of ~31%, 
25% and ~57% for RCP2.6, RCP6.0 and RCP8.5. Subsequently, respiratory hospital 
admissions associated with exposure to NO2 are estimated to decrease by 1.7% 
(RCP2.6), 1.4% (RCP6.0) and 2.4%(RCP8.5) (Pannullo et al., 2017).  
Future health burdens associated with long-term exposure to air pollution 
do not solely depend on projected future air pollutant concentrations but also 
depend on changes in mortality rates and demographic or population changes. 
Despite projected future reductions in pollutant concentrations, Silva et al. (2016) 
suggest increases in premature mortality due to increases in total population size in 
2050. Another study showed how the impacts of changes in population outweigh 
the impacts of climate change on heat-related mortality (Marsha et al., 2018). They 
suggest that while mortality is estimated to increase across both socioeconomic and 
climate projections, the combined socioeconomic changes (such as population 
growth, demographic and economic changes) have a larger impact than climate 
change alone (Marsha et al., 2018). West et al. (2013) also suggest that globally and 
in Europe, the population growth and baseline mortality rates amongst other 
demographics exacerbate the health impacts resulting from the RCP scenarios 
particularly in 2100.  
As discussed above, several global and regional studies have analysed the 
impact of emission changes on future air quality. However, to date no such HIA has 
been conducted comprehensively using the RCPs for the three pollutants O3, NO2 
and PM2.5 over the UK. The focus of this chapter is on UK primary and precursor 
emission changes for 2050 based on three RCPs: RCP2.6, RCP6.0 and RCP8.5 and the 
subsequent impacts on changes in annual means of daily mean 8-hr running mean 
(MDA8) O3, NO2 and PM2.5. In addition the effects of long-term exposure associated 
with each pollutant under each RCP is estimated and the sensitivity of future health 
burdens to two population scenarios is assessed.  
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This chapter is organised as follows: the methods are described in Section 
5.2, then the impact of future emission projections following the RCPs on simulated 
annual mean MDA8 O3, NO2 and PM2.5 concentrations in 2050 across the UK are 
discussed in Section 5.3.1 and 5.3.2. The corresponding future attributable fraction 
(AF) of mortality and mortality burdens associated with long-term exposure to 
annual mean MDA8 O3, annual mean NO2 and annual mean PM2.5 are next 
described in Sections 5.4.1, 5.4.2 and 5.4.3, respectively. The sensitivity of 
estimated mortality burdens associated with each pollutant to future population 
projections is then presented in Section 5.4.4 followed by a summary and 
conclusions in Section 5.5.  
 
5.2 Methods  
 
In this section the model used in this chapter is briefly described in Section 5.2.1 
followed by a description of the model set-up in Section 5.2.2. The present-day 
(2000) and future (2050) UK emissions under three RCPs are presented in Section 
5.2.3 followed by the method to calculate the health impact assessment in Section 
5.2.4. This section ends with a description of future population projections 
associated with the RCPs in Section 5.2.5.  
 
5.2.1 The UK Air Quality in the Unified Model – AQUM 
 
The Air Quality in the Unified Model (AQUM; Savage et al., 2013) used in this 
chapter is described in Section 2.2 and therefore only described briefly in this 
section. In this chapter, air pollutant concentrations for both 2000 (present-day) 
and 2050 (future) for the UK are simulated using AQUM which is based on the UK 
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Met Office Unified Model (MetUM; Brown et al., 2012). AQUM has a horizontal 
resolution of 0.11° × 0.11° (~12 km) with a domain covering the UK and parts of 
Western Europe (Fig 2.2). The model has 38 vertical levels from the surface up to 39 
km. Gas-phase chemistry is simulated within AQUM by a tropospheric configuration 
of the United Kingdom Chemistry and Aerosol (UKCA) model (Morgenstern et al., 
2009; O’Connor et al., 2014) which is described in more detail in Section 2.2.2. The 
chemistry scheme used is the Regional Air Quality (RAQ) chemistry scheme (Section 
2.2.2), which has 58 chemical species, 116 gas phase reactions and 23 photolysis 
reactions (Savage et al., 2013). The model includes an interactive mass-based 
aerosol scheme CLASSIC (Coupled Large-scale Aerosol Simulator for Studies in 
Climate; Bellouin et al., 2013, 2011; Jones et al., 2001) which includes up to eight 
aerosol species: ammonium sulphate and nitrate, fossil-fuel organic carbon (FFOC), 
mineral dust, fossil-fuel black carbon (FFBC), biomass burning (BB) aerosol and 
secondary organic aerosol (SOA). Biogenic secondary organic aerosols are 
prescribed from a climatology (Bellouin et al., 2011) and sea salt is calculated over 
sea points only and does not contribute to PM concentrations over land. Within 
AQUM, sulphate and nitric acid compete for available ammonium to form 
ammonium nitrate and ammonium sulphate aerosols (Bellouin et al., 2011). A more 
detailed description of CLASSIC can be found in Section 2.1.4 and Section 2.2.3.  
Lateral boundary conditions for chemistry and aerosols are derived from 
reanalysis fields whilst meteorology is obtained from the UK Met Office Unified 
Model (MetUM) global forecast fields at a resolution of ~17 km (Section 2.2.4).  
 
 
5.2.2 Model Set-up 
 
In this chapter a total of four simulations are conducted using the AQUM (Table 
5.1): one to derive air pollutant concentrations for 2000 (present-day) and another 
three simulations to derive air pollutant concentrations following three different 
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RCPs for 2050 (future). For all these simulations the same meteorology was 
employed – that of the year 2006 (as used in chapter 4). Present-day and future 
hourly air pollutant concentrations over England, Scotland and Wales are obtained 
from the same AQUM configuration used in Chapter 4, and described in Chapter 2, 
but with different emission fields. For the 2000 simulation, anthropogenic and 
biomass burning emissions are taken from decadal mean emissions centred on the 
year 2000 (Lamarque et al., 2011, 2010). These historical emissions were originally 
created for the 5th Climate Model Intercomparison Program (CMIP5) in support of 
the IPCC Fifth Assessment Report (AR5) and are used as a starting point for all RCPs. 
For the future simulations, anthropogenic and biomass burning emissions are 
obtained from decadal mean emissions centred on 2050 following three IPCC RCPs: 
RCP2.6 (van Vuuren et al., 2011a), RCP6.0 (Masui et al., 2011) and RCP8.5 (Riahi et 
al., 2011). Biogenic emissions of isoprene for all simulations are diagnosed from 
simulations with a fully coupled nested configuration of the MetUM (described in 
Neal et al., 2017) for future climate under the RCPs for 2000 and 2050 and then 
prescribed in AQUM with a diurnal cycle imposed. Therefore, although when using 
AQUM in this chapter the climate is unchanged between 2000 and 2050, the 
prescribed biogenic isoprene emissions have responded to changes in CO2 and 
temperature in 2050 compared to 2000 following Pacifico et al. (2011). All emission 
changes are discussed in more detail in Section 5.2.3.  
The lateral boundary conditions used for future simulations are kept the 
same as for the present-day and are consistent with those used in Chapter 4 
(Section 2.2.4). For all simulations, feedbacks of aerosols and greenhouse gases on 
the radiation scheme are excluded, thus ensuring the climate is unchanged between 
the present-day and future simulations. Hence the projected changes in air 
pollutant concentrations show the influence of anthropogenic, biomass burning and 
biogenic emission changes only. Greenhouse gases (GHG) are prescribed as 
concentrations for both present-day and future simulations due to the long lifetime 
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(>10 years) of CH4 and other GHG species (carbon dioxide (CO2) and nitrous oxide 
(N2O)). 
All simulations (Table 5.1) are conducted for 18 months with the first 6 
months discarded as spin-up. Hourly pollutant concentrations taken from the 
lowest model vertical level (having a midpoint of 20 m) are then extracted, from 
which the annual mean MDA8 O3, NO2 and PM2.5 concentrations are calculated. 
 
Table 5.1: Details of the model configuration for the present-day (2000) simulation and each of the 
future simulations (2050) following RCP2.6, RCP6.0 and RCP8.5. 
Simulation Name Present-day RCP2.6 RCP6.0 RCP8.5 
SSTs and SIE (meteorology) 2006 2006 2006 2006 
LBCs 
(meteorology/chemistry/aerosols) 
2006 2006 2006 2006 
Emissions 

















5.2.3 Present-day and future UK emissions 
 
Emissions totals and percentage differences over the UK between 2000 and 2050 
for key O3 and PM2.5 primary and precursor species under each scenario are shown 
in Fig. 5.1. Most of the emissions over the UK decrease in the future compared to 
present-day with the greatest reductions occurring for the RCP8.5 (Fig.5.1). For 
example, nitrogen oxides (NOx) emissions reduce from ~ 1.3 Tg (NO) yr-1 in 2000 to 
~ 0.5 Tg (NO) yr-1 for RCP2.6 and RCP6.0 and ~ 0.3 Tg (NO) yr-1 for RCP8.5 in 2050, 
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corresponding to a reduction of 60%, 58% and 73% (Fig.5.1a). Spatial distributions 
of NOx emissions for present-day and for differences in future emissions compared 
to present-day are illustrated in Fig.5.2. For all RCPs, the largest reductions in NOx 
emissions occur in regions having high present-day emissions (e.g. central and south 
east England) (Fig. 5.2). Emissions following RCP8.5 exhibit the largest reductions 
compared to present-day while the smallest reductions are noted for RCP6.0.  
Emission changes between 2000 and 2050 for CO, FFOC and FFBC follow a 
similar pattern to that of NOx with the highest reductions occurring for RCP8.5 and 
lower reductions for RCP2.6 and RCP6.0 (Fig. 5.1 b-d). SO2 emissions also decrease 
in the future in all RCPs. However, reductions in each RCP follow a different pattern, 
with the highest reductions occurring for RCP2.6 (-92%) and RCP8.5 (-94%) and the 
lowest reductions occurring for RCP6.0 (-43%; Fig. 5.1e). Ammonia (NH3) emissions 
and methane (CH4) concentrations increase over the UK for certain future scenarios 
(Fig. 5.1f and g). Ammonia emissions total ~ 0.35 Tg (NH) yr-1 in 2000 and increase 
for all RCPs, with the highest increase occurring for RCP6.0 (29%) followed by 
RCP2.6 (16%) and RCP8.5 (7%) (Fig. 5.1f). As mentioned in the previous section, CH4 
concentrations are prescribed for all four simulations due to its long lifetime. CH4 
concentrations over the UK are ~1200 µg m-3 for present-day, and decrease by 16% 
in 2050 following RCP2.6 (Fig. 5.1g). In contrast methane concentrations increase 















Figure 5.1: Emissions totals and percentage differences over the UK (land only) between 2000 and 2050 for 
the key O3 and PM2.5 primary and precursor species: (a) nitrogen oxides (NOx) (b) carbon monoxide (CO), (c) 
fossil fuel organic carbon (FFOC), (d) fossil fuel black carbon (FFBC), (e) sulphur dioxide (SO2), (f) ammonia 
(NH3), (g) methane (CH4) (concentrations) and (h) isoprene (C5H8) for present-day (blue), RCP2.6 (orange), 
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Isoprene (C5H8) emissions used in this chapter are obtained from a model 
simulation (section 5.2.2) in which biogenic VOCs emission are calculated 
interactively responding to changes in carbon dioxide (CO2) and temperature 
(Pacifico et al., 2011). These are then prescribed in the UK domain within AQUM. 
C5H8 emissions reduce from ~0.09 Tg (C5H8) yr
-1 for present-day to ~0.07 Tg (C5H8) yr
-
1 under all RCPs (~20% reduction; Fig 5.1h). This suggests that the main driver for 
reductions in isoprene emissions for all future scenarios is CO2 inhibition of isoprene 
(high levels of CO2 suppressing leaf isoprene production)(Arneth et al., 2007) which 
offset the temperature-driven emission increases, as found by other studies (e.g. 







5.2.4 Health impact assessment  
 
The method for calculating the health impact assessment in this chapter is 
described in detail in Section 2.4. Estimated mortality burdens and attributable 
fractions of mortality associated with long-term exposure to annual mean 
concentrations of MDA8 O3, NO2 and PM2.5 are calculated following equations 2.9 to 
2.12 for each of the nine Government Office Regions (GOR) for England, and for 
Scotland and Wales.  
Figure 5.2: Total NOx emissions for (a) present-day (PD - 2000) and (b-d) differences in NOx 
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The CRF and any relevant thresholds used for the effect long-term exposure 
to each pollutant is listed in Table 1.2, described in section 1.4.4 and is briefly 
mentioned below. The CRF for the effects of long-term O3 exposure on respiratory 
mortality is 1.06 (95% Confidence Interval (CI) = 1.04,1.08) per 10 µg m-3 increase in 
annual mean MDA8 O3 concentrations with a threshold of 53.4 µg m
-3. For the 
effect of long-term NO2 exposure on all-cause (excluding external) mortality, the 
CRF used is of 1.025 (95% CI = 1.01,1.04) per 10 µg m-3 increase in annual mean NO2 
concentrations with no threshold. The CRF associated with long-term PM2.5 
exposure on all-cause (excluding external) mortality, is 1.062 (95% CI = 1.040, 1.083) 
per 10 µg m-3 increase in annual average concentration, with no threshold. To 
quantify differences in mortality burdens between the present-day and future for 
each region, the present-day mortality estimate is subtracted from the future 
mortality estimate (ie 𝑀𝑟 𝐹𝑢𝑡𝑢𝑟𝑒 – 𝑀𝑟 𝑃𝐷). 
 
5.2.5 Future population projections associated with the RCPs  
 
In this chapter the sensitivity of future mortality burdens to changes in future 
population is analysed. To isolate the effect of changes in air pollutant 
concentrations across the RCPs, the same source for estimates of population 
growth in the UK is used. This is done by using the future population projections 
from the Shared Socioeconomic Pathways (SSP) gridded at a resolution of 17 km 
(Jones and O’Neill, 2017). The SSPs are a set of five different socioeconomic 
development narratives that describe plausible pathways for the evolution of 
society over the next century and are intended to provide a range of pathways that 
can be combined with the RCPs (Riahi et al., 2017). In conjunction with each RCP the 
population projection following SSP1, or “Sustainability” storyline and SSP5, or 
“Fossil-fuelled Development” storyline are applied. These two SSPs represent the 
upper (SSP5) and lower (SSP1) limits of projected population totals for the UK for 
2050. Marsha et al. (2018) also use two plausible SSPs in conjunction with two RCPs 
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to explore the sensitivity of heat-related non-accidental mortality to future changes 
of demographics, income and climate.  
 Based on SSP1 and SSP5, the total UK population is estimated to reach 74.7 
million and 85.3 million, respectively, in 2050 (a factor of 1.2 and 1.4 greater than 
present-day totals used in this chapter) (Table 5.2). The UK Office of National 
Statistics (ONS) projects a total UK population of 72.9 million in mid-2041 based on 
2016 data (ONS, 2015), while the Directorate-General of the European Commission 
(Eurostat) estimates suggest that at the start of 2040 the total UK population will be 
75 million (Eurostat, 2017). Hence from the two SSPs used in this Chapter (SSP1 and 
SSP5), the SSP1 population projections are most similar to these aforementioned 
regional population projections for 2050. The baseline mortality rates and 
demographics for the future estimates are kept at present-day rates.  
 
Table 5.2: Present-day and future population (millions of people) showing UK totals (including 






  Total UK Population (million) 
Present-day  59.7 
Future Scenario  SSP1 (2050) 74.7 
 SSP5 (2050) 85.3 
 ONS (mid-2041) 72.9 
 Eurostat (2040) 75.0 
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5.3 The impact of changes in future UK emissions on 
simulated pollutant concentrations 
 
In this section, the influence of changes in future UK emissions (only) on annual 
mean MDA8 O3 and annual mean NO2 concentrations is first discussed (Section 
5.3.1). The emissions driven impact on annual mean PM2.5 concentrations is then 
described in Section 5.3.2. 
 
5.3.1 The emissions driven impact on O3 and NO2 concentrations in 
the UK 
 
Simulated annual mean MDA8 O3 concentrations for 2000 average ~ 77 µg m
-3 
across the UK and range from ~ 62 µg m-3 in Central England (West and East 
Midlands regions) to more than 80 µg m-3 in the south west of England as well as in 
Wales and Scotland (Fig 5.3a). O3 concentrations increase under all RCPs (2050) 
compared to present-day (2000) and are on average between ~4 µg m-3 and ~9 µg 
m-3 higher depending on the RCP (Fig. 5.3b-d). For all three RCPs the largest 
increases for 2050 occur in regions where present-day O3 concentrations are low 
(Fig. 5.3b-d). The largest increases in O3 concentrations occur for RCP8.5 where 
concentrations are more than 12 µg m-3 (~+40%) and up to 18 µg m-3 (~50%) higher 
across much of the central and southern regions of England compared to present-
day (Fig. 5.3d). For RCP2.6 and RCP6.0 increases in O3 concentrations are about 6 µg 
m-3 (~25%) compared to present-day in Central England with smaller increases 
elsewhere (Fig. 5.3b and c).  
 
 




Changes in O3 precursor emissions affect the abundance of O3 
concentrations via changes in the availability of atmospheric oxidants (Section 
1.2.1). NOX emissions play a key role in determining surface O3 concentrations. For 
all three RCP simulations, UK NOX emissions decrease in 2050 (by up to 73%; Fig. 5.1 
and 5.2 Section 5.2.3) with the largest decreases occurring in regions having high 
present-day NOx emissions (Fig 5.2), for example central and south eastern England 
(Fig. 5.2b-d). This results in substantial decreases in annual mean NO2 
concentrations across the UK (Fig. 5.4b-d). Present-day annual mean NO2 
concentrations averaged across the UK are 11.2 µg m-3 and range from ~3 µg m-3 in 
most of Scotland to ~ 27 µg m-3 in Central and South East England (Fig. 5.4a), with 
the spatial distribution being approximately the inverse of that for O3 
concentrations (Fig. 5.3a). Annual-mean NO2 concentrations reduce in the future, 
with decreases between 6 µg m-3 (~-25%) and 12 µg m-3 (~-50% ) in most of central 
England for RCP2.6 and RCP6.0 (Fig. 5.4b and c) and higher than 15 µg m-3 (~-75%) 
for RCP8.5 (Fig. 5.4d). Regions showing low present-day O3 concentrations and high 
NO2 concentrations (Fig. 5.3a and 5.4a), also exhibit the greatest increases in O3 
concentrations and the largest decreases in NO2 concentrations in 2050 relative to 
Figure 5.3: Simulated annual mean daily maximum 8-hr running mean (MDA8) O3 concentrations 
for (a) present-day (PD - 2000), (b-d) differences in simulated annual mean MDA8 O3 
concentrations between present-day (2000) and future (2050) calculated as MDA8 O3 future – MDA8 
O3 present-day for each future scenario. Mean concentrations (µg m
-3
) are shown at the bottom of each 
panel.  
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2000 (Fig. 5.3 b-d and Fig. 5.4 f-h). Reductions in NO2 concentrations are highest for 
RCP8.5 (Fig. 5.4d) followed by RCP 2.6 (Fig. 5.4b) and RCP6.0 (Fig. 5.4c), consistent 
with reductions in NOX emissions (Fig 5.1 and 5.2; Section 5.2.3). The higher O3 
concentrations in the future are likely due to the titration effect of NO on O3 
(equation 1.6; section 1.2.1.2). Thus UK NOX emission reductions between present-
day and future produce increases in O3 concentrations, suggesting a NOx saturated 
environment across all of the UK, but particularly in highly polluted regions, where 
estimated NOX emission reductions are highest.  
 
While annual mean CH4 concentrations decrease for RCP2.6 (-16%) across 
the UK, they increase for RCP6.0 (+8%) and RCP8.5 (+54%) (Fig. 5.1; Section 5.2.3). 
This increase in CH4 concentrations for RCP6.0 and RCP8.5 between present-day 
and future which occurs across the UK may aid increases in O3 concentrations for 
these two scenarios (Fig. 5.3c and d) but fails to explain increases in annual mean 
MDA8 O3 concentrations for RCP2.6 (Fig. 5.3b). Given the long lifetime of CH4 and 
the model set-up of this chapter, with lateral boundary conditions kept constant, 
the contribution to O3 production in the UK is likely to be small. Nonetheless, the 
spatial patterns in O3 differences between present-day and future (Fig. 5.3) are 
clearly explained by changes in NOx emissions (Fig. 5.4) as discussed above.  
Figure 5.4: Annual mean NO2 concentrations for (a) present-day (PD - 2000) and (b-d) differences in 
NO2 concentrations between present-day and future (2050) under three RCPs. Mean concentrations 
(µg m
-3
) are shown at the bottom of each panel. 
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These findings are fairly consistent with previous studies over Europe. A 
number of global and Europe-wide studies have shown a strong impact of NOx 
emission reductions and higher CH4 levels leading to higher O3 concentrations in 
Northern Europe. Hedegaard et al. (2013) find the chemical environment for O3 
production to differ between North-west Europe and elsewhere in Europe. In the 
Benelux regions and surrounding countries (including the UK), O3 concentrations 
were found to increase under RCP4.5 between 1990 and 2090 as a result of NOx 
decreases, leading to reduced O3 titration by NO. However this signal was not 
consistent across the UK as found in this chapter. Elsewhere in Europe, NOx 
emissions reductions under RCP4.5 were found to lead to lower O3 concentrations 
(~20%) between 1990 and 2090 (Hedegaard et al. 2013). In another regional 
European study with different future emission scenarios (Global Energy Assessment 
scenarios) but which also feature NOx emission reductions, annual mean O3 were 
found to increase across most of north west Europe and the UK in particular Central 
and south east England (Colette et al. 2012), highlighting North West Europe and 
the UK as a NOx saturated environment. 
Similar to the work presented in this chapter, a UK-focused report evaluating 
nine regional models (including AQUM) at 23 measurement sites (rural and urban 
background), suggests that reducing the total anthropogenic NOx and VOC 
emissions by 30% for 2006 across the UK, leads to an increase in annual mean 
simulated O3 concentrations ranging between 1.2 and 6.1 µg m
-3 for all models at all 
sites (Defra, 2013a). A similar increase in annual mean O3 concentrations over the 
UK was also found for a 30% reduction in anthropogenic NOx and VOC emissions 
across the UK and Europe. Thus suggesting a greater impact on O3 concentrations 
from UK regional emission reductions compared to emission reductions outside the 
UK.  
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5.3.2 The emissions driven impact on PM2.5 concentrations in the UK  
 
Present-day simulated annual mean PM2.5 concentrations averaged across the UK 
are ~9 µg m-3 and range from ~ 4 µg m-3 in Scotland to ~ 12 µg m-3 in eastern 
England (Fig. 5.5a). For all RCPs, annual mean PM2.5 concentrations decrease 
compared to present-day with a notable north-south gradient (Fig. 5.5 b-d). Across 
the UK, the largest reductions in PM2.5 concentrations in 2050 relative to 2000 occur 
under RCP8.5 (Fig. 5.5d). For RCP8.5 and RCP2.6, annual mean PM2.5 concentrations 
are between ~ 1 µg m-3 (~-15%) lower in Scotland to ~ 4.5 µg m-3 (~-50%) lower in 
Central and Eastern England compared to present-day (Fig. 5.5 b and d). In 2050, 
reductions in simulated PM2.5 concentrations under RCP6.0 relative to 2000 are 
smaller than the other two future scenarios with differences ranging from ~ -0.5 µg 
m-3(~-10%) in Scotland to ~ -2 µg m-3(~ -20% ) in eastern England (Fig. 5.5c).  
 
For both present-day and future simulations, the two major components 
contributing to PM2.5 concentrations are ammonium sulphate concentrations and to 
a lesser extent, ammonium nitrate concentrations (Fig. 5.6). For present-day 
ammonium nitrate constitutes 35% of total PM2.5 concentrations while ammonium 
Figure 5.5: Simulated annual mean PM2.5 concentrations for (a) present-day (PD – 2000), (b-d) 
differences in simulated annual mean PM2.5 concentrations between present-day and future (2050) 
calculated as PM2.5 future – PM2.5 present-day for each future scenario. Mean concentrations (µg m
-3
) are 
shown at the bottom of each panel. 
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sulphate constitutes 45% (Fig. 5.6a). For all RCPs, this distribution is modified 
compared to present-day, with ammonium nitrate increasingly becoming the more 
dominant constituent of PM2.5 concentrations especially under RCP2.6 and RCP8.5 
(Fig. 5.6 b-d). 
 
The magnitude and spatial distribution of differences in ammonium sulphate 
concentrations between present-day and future for all three RCP scenarios is similar 
to that of simulated PM2.5 concentrations with reductions ranging from ~ -1 µg m
-3 
in Scotland to ~ -4.5 µg m-3 in central and eastern England (Fig. 5.7).  
Figure 5.6: The individual components that add up to the total PM2.5 concentration as simulated 
by the AQUM model for (a) present-day (2000) and (b-d) future scenarios following RCP2.6, 
RCP6.0 and RCP8.5. 
(a) (b) (c) (d) 
Figure 5.7: Simulated annual mean ammonium sulphate concentrations for (a) present-day (PD), (b-d) 
differences in simulated annual mean annual mean ammonium sulphate concentrations between present-
day (2000) and future (2050) following RCP2.56, RCP6.0 and RCP8.5. 
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In contrast, simulated ammonium nitrate concentrations over the UK are 
higher by ~0.25 µg m-3 to ~1 µg m-3 for all three RCP scenarios compared to present-
day (Fig. 5.8). For all future scenarios, UK SO2 emissions decrease under the RCPs 
scenarios (Fig. 5.1) leading to a reduction in sulphate aerosol in the future. This 
reduction in SO2 emissions in conjunction with increases in ammonia emissions 
under all three RCPs results in an overall increase in the simulated nitrate aerosols 
even though NOx emissions in the UK are projected to decrease in the future.  
 
These decreases in PM2.5 concentrations in 2050 following the RCPs compared 
to 2000 are consistent with those of Hedegaard et al. (2013), suggesting that 
changes in anthropogenic emissions of SOx and BC following RCP4.5 lead to a 
decrease in PM2.5 concentrations across Europe. Under a European emission 
reduction scenario for 2020 based on the MEGAPOLI project, Chemel et al. (2014) 
find annual average PM2.5 concentrations reductions > 2 µg m
-3 over England due to 
reductions in SO2, NOx and NMVOCs. Vieno et al. (2016) also suggest that under 
current legislation (CLE) emissions for 2030, surface annual-average PM2.5 
concentrations over the UK reduce by up to 2.8 µg m-3 compared to 2010. 
Furthermore, these findings on the impacts of SO2 emission reductions on the 
ammonium sulphate and ammonium nitrate balance are similar to those reported 
in previous studies (e.g. Pye et al., 2009). 
Figure 5.8: Simulated annual mean ammonium nitrate concentrations for (a) present-day (PD), (b-d) 
differences in simulated annual mean annual mean ammonium nitrate concentrations between present-day 
(2000) and future (2050) following RCP2.56, RCP6.0 and RCP8.5.  
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5.4 Future mortality burdens due to changes in UK emissions 
 
Using the simulated annual mean MDA8 O3, NO2 and PM2.5 concentrations 
discussed in Section 5.3, population-weighted pollutant concentrations are first 
calculated (equation 2.12) and then the regional attributable fraction (AF) of 
mortality and mortality burdens associated with long-term exposure to each 
pollutant are estimated for the present-day (2000) and all three future scenarios 
(2050) following the methodology described in Section 2.4.3.  
 
5.4.1 Health impacts associated with long-term exposure to annual 
mean MDA8 O3 
 
The AF of respiratory mortality associated with long-term exposure to annual mean 
MDA8 O3 for both present-day and all three future scenarios is depicted by region in 
Fig. 5.9a, with the 95% confidence interval (95% CI) representing uncertainties 
associated only with the concentration-response function (CRF) used. The present-
day AF of respiratory mortality in 2000 across the regions ranges from 7.37% (95% 
CI = 4.98%, 9.71%) in the East Midlands to 14.42% (95% CI = 9.86%, 18.74%) in 
Wales (Fig. 5.8a). Differences in the AF of respiratory mortality between the 
different regions solely depend on differences in population-weighted pollutant 
concentrations (as the CRF is kept constant; equation 2.3 Section 2.4.1). Thus 
regions with the lowest present-day AF directly correspond to regions with the 
lowest present-day annual mean MDA8 O3 concentrations and vice-versa (c.f. Fig. 
5.3 and Fig. 5.9). For all three UK future emission scenarios following the RCPs the 
AF of respiratory mortality associated with long-term exposure to O3 in 2050 is 
higher compared to present-day, which is driven by higher pollutant concentrations 
(c.f. Fig. 5.3 and Fig. 5.9a). Across the regions the AF of respiratory mortality ranges 
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from 10.96% (95% CI = 7.45%, 14.34%) in East Midlands to 18.81% (95% CI = 
12.97%, 24.26%) in Wales following RCP6.0 and RCP8.5, respectively (Fig. 5.9a).  
For each region, differences in the AF of respiratory mortality between 
present-day and the RCPs are illustrated in Fig 5.9b. The largest increases in the AF 
of respiratory mortality for RCP8.5 are 9.34% (95% CI = 3.74%, 14.94%) in the East 
Midlands which is due to large increases in annual mean MDA8 O3 concentrations 
(Fig. 5.3 Section 5.3.1). In contrast the difference in the AF of respiratory mortality is 
lowest under RCP2.6 in Wales with a difference of + 2.44% (95% CI = -4.34%, 
+9.22%) (Fig. 5.9b). As noted in Section 5.3.1 for annual mean MDA8 O3 
concentrations, the largest increases in future AFs occur in regions having the 
lowest present-day AF, for example the East Midlands (Fig. 5.9a and b).   










Figure 5.9: (a) Attributable fraction (AF) of respiratory mortality associated with long-term exposure 
to annual mean MDA8 O3 for present-day (PD – 2000) and each RCP for 2050 expressed as a 
percentage of total annual respiratory mortality. (b) Difference in AF between present-day and future 
expressed as a percentage for each regions in England, Scotland and Wales (AFfuture – AFpresent-day). 
Error bars show the 95% CI which represents uncertainties associated only with the concentrations-
response function used. For Figure 5.9b the errors bars are calculated as described in section 2.4.4. 
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 The uncertainty estimates based on the 95% confidence interval of the O3 
concentration-response function are relatively large such that the error bars 
between present-day and all three future scenarios overlap (Fig. 5.9a). Exceptions 
are error bars for East Midlands, Yorkshire and the Humber, West Midlands and 
London between present-day and RCP8.5 which do not overlap (Fig. 5.9a). This 
suggests a significant difference in the AF of respiratory mortality between present-
day and RCP8.5 for these regions. The large uncertainty is further reflected in the 
confidence intervals of differences between present-day and each future scenario 
(Fig. 5.9b). For all regions under RCP2.6 and RCP6.0, the lower limit of the 95% 
confidence interval of the difference is close to zero and in some regions includes 
both positive and negative AF values (Fig. 5.9b). On the other hand, the uncertainty 
range of differences between present-day and RCP8.5 only includes positive values 
for the majority of the regions (Fig. 5.9b).  
The regional and total estimated mortality burdens associated with long-
term exposure to annual mean MDA8 O3 are shown in Fig. 5.10a. The estimated 
total UK-wide present-day (2000) mortality burden reaches a total of 7,705 
attributable deaths. Under all RCPs, regions which have high population totals 
(Table 4.2), such as the North West region, have high estimated mortality burdens 
in 2050 (Fig. 5.10a). For example under RCP8.5, the North West and South East 
regions are the regions with the highest estimated mortality burden in 2050 (Fig. 
5.10). Under all three RCPs, the future total estimated mortality burden in 2050 is 
higher than present-day (positive differences, Fig. 5.10b), as a result of higher total 
AFs of respiratory mortality (Fig 5.9b). Increases in the estimated attributable 
mortality burden for RCP2.6 and RCP6.0 total 2,710 and 2,529 additional 
attributable deaths respectively, and reach 5,396 additional attributable deaths for 
RCP8.5 (Fig. 5.10b).   


























































































Figure 5.10: (a) UK annual respiratory attributable deaths associated with long-term exposure to 
annual mean MDA8 O3 for present-day (PD – 2000), and all three RCPs for 2050. (b) Differences 
in UK annual attributable deaths  between present-day and future under RCP2.6, RCP6.0 and 
RCP8.5. Colours indicate the annual attributbale deaths for each region in England and Scotland 
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5.4.2 Health impacts associated with long-term exposure to annual 
mean NO2 
 
The estimated regional AF of all-cause (excluding external) mortality associated with 
long-term exposure to annual mean NO2 for present-day and all three future 
emission scenarios is illustrated in Fig. 5.11a. The present-day AF of all-cause 
(excluding external) mortality across the regions ranges from 2.85% (95% CI = 
1.15%, 4.52%) in Wales to 6.18% (95% CI = 2.52%, 9.70%) in London (Fig. 5.11a). 
Across the three future scenarios for 2050, the estimated AF of all-cause (excluding 
external) mortality ranges from 1.29% (95% CI = 0.52%, 2.05%) in Scotland to 4.31% 
(95% CI = 1.75%, 6.81%) in London for RCP8.5 and RCP6.0, respectively (Fig. 5.11a).  
Corresponding differences in the AF of all-cause (excluding external) 
mortality between present-day and RCP future scenarios are illustrated in Fig. 
5.11b. For all regions, the  AF of all-cause (excluding external) mortality estimates 
are lower in 2050 compared to present-day (Fig. 5.11b) with the smallest reductions 
estimated for RCP6.0 and the highest reductions estimated for RCP8.5. As the 
calculation of AF only depends on the population-weighted pollutant 
concentrations, differences in AF between present-day and each of the future 
scenarios are consistent with differences in annual mean NO2 concentrations 
described in Section 5.3.1 (Fig. 5.4). Differences in the AF of all-cause (excluding 
external) mortality range from -1.36% (95% CI = -3.59%, +0.87%) in the South West 
region to -4.06% (95% CI = -7.72%, -0.41%) in East Midlands for RCP2.6 and RCP8.5, 
respectively (Fig 5.11b).  
As noted for the AF of respiratory mortality due to O3 exposure (section 
5.4.1), the error bars based on the 95% confidence interval of the NO2 
concentration-response function are relatively large (Fig. 5.11a). For all regions the 
95% confidence interval for each RCP overlaps that of present-day with the least 
overlap occurring under RCP8.5 (Fig. 5.11a). The 95% confidence intervals of the 
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difference between present-day and future AF estimates for all RCPs are presented 
in Fig 5.11 b. Over most regions, the confidence interval includes both positive and 
negative AF values. However, under RCP8.5 in East Midlands, Yorkshire and the 
Humber, West Midlands and the North West region, only negative values are 
included in the 95% confidence interval of differences in the AF of mortality. This 
suggests significant differences between present-day and future AF estimates under 
RCP8.5 in these regions which also exhibited significant positive differences in the 
O3-related AF estimate (c.f. Fig. 5.7b and Fig. 5.11b).  










Figure 5.11: (a) Attributable fraction (AF) of all-cause (excluding external) mortality associated with long-term 
exposure to annual mean NO2 for present-day (PD) in 2000 and each RCP for 2050 expressed as a percentage 
of total annual respiratory mortality. (b) Difference in AF between present-day and future expressed as a 
percentage for each regions in England, Scotland and Wales (AFfuture – AFpresent-day). Error bars show the 95% CI 
which represents uncertainties associated only with the concentrations-response function used. For Figure 
5.11b the errors bars are calculated as described in section 2.4.4. 
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The estimated regional and national mortality burdens associated with long-
term exposure to annual mean NO2 for 2000 and 2050 are illustrated in Fig. 5.12a. 
The present-day NO2-related UK mortality burden in 2000, totals 25,278 
attributable deaths (Fig. 5.12a). Regions having high present-day population totals 
(e.g. South East region; Table 4.2) exhibit the highest attributable mortality burden 
totals. Future estimated mortality burdens for 2050 range from 9,496 to 15,860 
attributable deaths for RCP8.5 and RCP6.0, respectively (Fig 5.12a). For all RCP 
scenarios, the estimated mortality burdens in 2050 are lower compared to present-
day; differences in mortality burdens range between 15,782 and 9,418 avoided 
attributable deaths for RCP6.0 and RCP8.5, respectively (Fig 5.12b). These 
reductions in estimated mortality burdens are driven by reductions in the estimated 
AF of mortality which in turn are driven by reductions in population-weighted 
annual mean NO2 concentrations. Estimates presented in this section could, to 
some extent, overlap with the health burden associated with long-term exposure to 
PM2.5 (Section 5.4.3) as the two pollutants are not necessarily independent 
(COMEAP, 2015a). On the other hand, Williams et al. (2014) demonstrate that the 
analysis of O3 and NO2 separately in epidemiological studies can underestimate the 
combined effects on the population from exposure to both pollutants.  
  












































































Figure 5.12: (a) UK annual attributable deaths associated with long-term exposrue to annual mean 
NO2 for present-day (PD - 2000), and all three RCPs in 2050. (b) Differences in UK annual 
attributable deaths between present-day and future under RCP2.6, RCP6.0 and RCP8.5. Colours 
indicate the annual attributable deaths for each region in England and Scotland and Wales. N.B. no 
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5.4.3 Health impacts associated with long-term exposure to annual 
mean PM2.5 
 
The AF of all-cause (excluding external) mortality associated with long-term 
exposure to annual mean PM2.5 for present-day and all three future scenarios is 
depicted in Fig. 5.13a. The present-day AF of all-cause (excluding external) for the 
year 2000 ranges from 4.01% (95% CI = 2.61%, 5.33%) in Scotland to 7.70% (95% CI 
= 5.04%, 10.18%) in East England; these regions correspond to those with the 
lowest and highest present-day PM2.5 concentrations, respectively (Fig. 5.5a). For all 
future RCPs for 2050, the AF of all-cause (excluding external) mortality associated 
with long-term exposure to annual mean PM2.5 is lower than present-day estimates 
and ranges from 3.06% (95% CI = 1.99%, 4.08%) in Scotland to 6.70% (95% CI = 
4.37%, 8.86%) in East England for RCP2.6 and RCP6.0, respectively (Fig. 5.13a).  
 Differences in the AF associated with long-term exposure to annual mean 
PM2.5 between present-day and each future scenario are illustrated in Fig. 5.13b. 
Across the UK, the AF of all-cause (excluding external) mortality is lowest under 
RCP8.5 resulting in a maximum difference of -2.28% (95% CI = -4.86%, +0.30%) in 
East Midlands (Fig. 5.13b). In contrast, the lowest decreases in the AF of mortality 
for 2050 relative to 2000 occur for RCP6.0 with differences ranging from -0.43% 
(95% CI = -2.25%, +1.40%) in Scotland to -1.07% (95% CI = -4.40%, +2.25%) in 
London. These AF results are in agreement with those for annual mean PM2.5 
concentrations changes between present-day and future presented in Section 5.3.2 
(c.f. Fig. 5.5 and Fig. 5.13b).  
The overlap of the 95% confidence intervals between present-day and the 
three RCPs noted in Sections 5.4.1 and 5.4.2 also holds for the AF of mortality 
associated with PM2.5 exposure (Fig. 5.13a). For all regions, the 95% confidence 
intervals of differences in the PM2.5-related AF of mortality between present-day 
and all three RCPs include both positive and negative AF levels thus suggesting 
Chapter 5 Future health burdens associated with emission changes in the UK  
192 
 
PM2.5-related differences are not significant (Fig. 5.13b). This contrasts the results 
for the differences between RCP8.5 and present-day in the estimated AF values 
associated with O3 and NO2 exposure, that appear significant across four regions. 











Figure 5.13: (a) Attributable fraction (AF) associated with long-term exposure to annual mean 
PM2.5 for present-day (PD - 2000) and each future RCP for 2050 expressed as a percentage of total 
annual respiratory mortality. (b) Difference in AF between present-day and future expressed as a 
percentage for each regions in England, Scotland and Wales (AFfuture – AFpresent-day). Error bars show 
the 95% CI which represents uncertainties associated only with the concentrations-response 
function used. For Figure 5.13b the errors bars are calculated as described in section 2.4.4. 
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The estimated regional mortality burdens for present-day (2000) and all 
three future scenarios (2050) are illustrated in Fig. 5.14a. For present-day, it is 
estimated that 32,996 attributable deaths are associated with long-term exposure 
to annual mean PM2.5 concentrations. The total UK mortality burdens for each of 
the future emission scenarios are estimated at 24,034, 28,475 and 23,514 
attributable deaths over the UK under RCP2.6, RCP6.0 and RCP8.5 in 2050, 
respectively (Fig 5.14a). For both present-day and future scenarios the estimated 
mortality burdens are highest in regions having a combination of a high AF of 
mortality (Fig 5.13a) and high population totals (Table 4.2). For example, this occurs 
in the South East, London and East of England regions (Fig 5.14a). Differences in 
estimated regional mortality burdens between present-day and future scenarios for 
2000 and 2050 respectively are shown in Fig. 5.14b. Similar to differences in the AF 
of mortality, the estimated mortality burden for all RCP scenarios in 2050 are lower 
compared to present-day estimates (Fig 5.14b). The largest decreases in estimated 
attributable deaths associated with long-term exposure to PM2.5 occur under 
RCP2.6 and RCP 8.5 (8,962 and 9,481 avoided attributable deaths, respectively) 
while the smallest decreases occurs under RCP6.0 (4,521 avoided attributable 
deaths).   






























































































Figure 5.14: (a) UK annual attributable deaths associated with long-term exposure to annual 
mean PM2.5 for present-day (PD - 2000), and all three RCPs for 2050. (b) Differences in UK 
annual attributbale deaths between present-day and future under RCP2.6, RCP6.0 and 
RCP8.5. Colours indicate the annual attributable deaths for each region in England and 
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In summary, in section 5.4.1, it is estimated that across all UK regions both 
the percentage of respiratory mortality (AF) and total mortality burdens associated 
with long-term exposure to annual mean MDA8 O3 are higher for all three RCPs in 
2050 compared to present-day estimates. In contrast for all RCPs, the mortality 
burdens associated with long-term exposure to annual mean NO2 and PM2.5 
concentrations are lower for 2050 relative to 2000 (Sections 5.4.2 and 5.4.3). These 
differences are driven by differences in the respective population-weighted 
pollutant concentrations where annual mean MDA8 O3 concentrations are higher 
for future scenarios and annual mean NO2 and PM2.5 concentrations are lower.  
Models used to simulate future air pollutant concentrations generally have a 
coarser (~50km) horizontal resolution and studies typically only quantify impacts at 
a global or European scale, thus a direct comparison of results in this section with 
other studies is quantitatively impossible. Instead the direction of changes under 
different scenarios are compared. In addition, the long-term future O3 mortality 
burdens have not yet been quantified for the UK.  
Of the studies to date, Heal et al. (2013) estimated the annual mortality 
associated with short-term exposure to O3 for the 2030s under future SRES 
emission scenarios (NOx emission reductions ranging between 20% and 43%), and 
find overall increases in O3-related mortality burdens (when including future 
population projections). However in this study the O3 concentrations under the 
different scenarios are not consistently higher over the UK compared to present-
day as found in this chapter. This could be associated with larger NOx reductions 
(ranging from 58% to 73%) used for the longer timeframe of 2050 in this chapter. 
Using a similar model set-up to this thesis, but using RCP emissions and climate 
scenarios (i.e. also including climate change), Pannullo et al. (2017) estimate the 
respiratory hospital admissions attributable to NO2 in 2050 and find a reduction of 
1.7%, 1.4% and 2.4% in hospital admissions under RCP2.6, RCP6.0 and RCP8.5, 
respectively in England (relative to average present-day respiratory hospital 
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admissions per year across England – 613,052). This is to some extent similar to 
findings in this chapter where reductions in NO2 concentrations under all RCPs in 
2050 lead to reductions in NO2- related mortality burdens across the UK compared 
to present-day. Williams et al. (2018) also estimate the health benefits for the UK 
following emission reductions under three energy consumption scenarios for 2050 
(outlined in section 5.1). They suggest a decrease in annual mean NO2 
concentrations as a result of NOx reductions with a subsequent reduction in NO2-
related mortality burdens in 2050. Annual mean PM2.5 concentrations are also 
estimated to decrease in the future as a result of primary and precursor emission 
reductions, resulting in lower PM2.5-related mortality burdens (Williams et al. 2018). 
In a broader European context, O3-related mortality burdens are generally found to 
reduce in the future under the different RCPs for 2050 with a slight increase for 
RCP8.5 as a result of increases in methane concentrations (e.g. Silva et al., 2016; 
West et al., 2013). PM2.5 mortality burdens are also generally found to decrease in 
the future as a result of reductions in primary and precursor emissions (e.g. Pozzer 
et al., 2017; Silva et al., 2016). 
Overall, the findings in this chapter compare well with previous UK-based 
studies that are based on future emissions reductions, in terms of directions of 
change in future O3, NO2 and PM2.5-related mortality burdens. In addition 
differences in the direction of change between the future O3-related health burdens 
that increase in the future in this chapter and that found in different European 
studies whereby health burdens reduce (West et al. 2013; Silva et al. 2016) (see 
section 5.1) may be due to the coarser model resolutions used in these studies 
(section 1.3).   
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5.4.4 Sensitivity of estimated regional mortality burdens to future 
population projections under the SSPs  
 
In this section the sensitivity of the future mortality burden estimates in 2050 
presented in Sections 5.4.1 – 5.4.3 to future population projections based on two 
shared socio-economic pathways (SSPs): SSP1 (low UK population total) and SSP5 
(high UK population total) is assessed (see Section 5.2.5). These two SPPs are only 
used to provide future population estimates and do not include any corresponding 
effects on the emissions types associated with these scenarios. Under these 
scenarios the population of the UK increases by a factor of 1.2 and 1.4, respectively 
(Table 5.2 Section 5.2.5). Regional annual baseline mortality rates for the future 
mortality burdens are assumed to be the same as for present-day.  
5.4.4.1 Sensitivity of estimated regional O3-related mortality burdens to future 
population projections under the SSPs  
Differences in the UK mortality burden or attributable deaths between present-day 
(2000) estimates (that use present-day population totals) and future estimates for 
2050 (including future population projections following the SSP1 and SSP5 
scenarios) are presented in Fig. 5.15. Using population projections that follow SSP1, 
the estimated differences in the UK mortality burden between present-day and 
future ranges from 4,949 in RCP6.0 to 8,647 in RCP8.5 (Fig. 5.15a), while differences 
range from 7,985 to 13,661 additional attributable deaths for SSP5 (Fig. 5.15b). For 
all RCPs under both SSP1 and SSP5 population projections, the differences in 
estimated mortality burdens between present-day and future are amplified 
compared to the differences in mortality burdens with static populations levels (c.f. 
Fig 5.10b and Fig 5.15). Indeed under SSP1, mortality burdens are up to a factor of 
~2 greater in 2050 than if no changes in future population totals are taken into 
account. Future O3-related mortality burdens are further amplified under SSP5 with 
results up to a factor of ~3 greater in 2050 than if population totals are kept at 
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present levels. Under both SSPs, all regions exhibit increases in O3-related mortality 
burden following the different RCPs in 2050. In particular, large increases are noted 
in London especially under RCP8.5 following the SSP5 population scenarios (Yellow 
box Fig 5.15b) 
 
5.4.4.2 Sensitivity of estimated regional NO2-related mortality burdens to future 
population projections under the SSPs 
Differences in UK regional mortality burdens associated with long-term exposure to 
annual mean NO2 between present-day and future estimates including future 
population scenarios are shown in Fig. 5.16. Differences in the mortality burden 
associated with long-term exposure to annual mean NO2 concentrations range from 


















































Figure 5.15: Differences in UK annual attributable deaths associated with long-term exposure to 
annual mean MDA8 O3 between present-day (PD) for the year 2000 scenario and the future 
under RCP2.6, RCP6.0 and RCP8.5 emisisosn scenarios including future population projections 
following (a) SSP1 and (b) SSP5. Colours indicate differences in annual attributable deaths for 
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range from 2,339 (RCP6.0) to 11,877 (RCP8.5) avoided attributable deaths when 
using SSP5. Including these future SSP population projections the estimated future 
mortality burdens in 2050 are higher compared to when the present-day population 
totals are used. Therefore, reductions in the UK mortality burden between present-
day and all three future scenarios are diminished (c.f Fig 5.12b and Fig. 5.16). Under 
SSP1, differences in NO2-related mortality burdens in 2050 vary from those using 
present day population totals by up to a factor of 0.9, and under SSP5 by up to a 
factor of 0.8. For the majority of the regions, the mortality burdens in 2050 are 
lower compared to present-day when accounting for future population projections 
(Fig 5.16). The exception is London for SSP1, and especially SSP5, where the future 
NO2-related health burden is higher compared to present-day for RCP2.6 and 
RCP6.0 (yellow box; Fig 5.16). This increase in the NO2-related mortality burden 
occurs despite estimated reductions in NO2 concentrations in this UK region under 
all three RCPs, thus highlighting the impact of the large estimated increase in the 
future population for this region for NO2-related mortality (from 4.5 million people 





























































Figure 5.16: Differences in UK annual attributable deaths associated with long-term exposure to annual 
mean NO2 between present-day (PD) for 2000 and future under RCP2.6, RCP6.0 and RCP8.5 for 2050 
including future population projections following (a) SSP1 and (b) SSP5. Colours indicate differences in 
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5.4.4.3 Sensitivity of estimated regional PM2.5-related mortality burdens to 
future population projections under the SSPs 
 
Differences in attributable deaths between present-day and future 
estimates including future population projections (SSP1 and SSP5) are illustrated in 
Fig. 5.17. Applying future projections based on SSP1 it is estimated that the 
difference in the total UK mortality burden between present-day (2000) and under 
RCP2.6 and RCP8.5 is 3,533 and 4,259 avoided attributable deaths, respectively (Fig. 
5.17a). The magnitude of this reduction in mortality is 0.4 times that estimated 
using present-day population totals. This indicates that the total UK-wide future 
mortality burdens are still lower compared to present-day under the RCPs that 
incorporate population increases in 2050. In contrast it is estimated that the overall 
mortality burden associated with long-term exposure to PM2.5 for RCP6.0 is positive 
with 2,006 additional attributable deaths (Fig. 5.17a). Without population changes, 
differences in the PM2.5-related mortality burdens between present-day and RCP6.0 
estimates in 2050 are smaller than the other two scenarios (Fig 5.14b). Accounting 
for future population increases under SSP1 and following RCP6.0 in 2050, results in 
total PM2.5-related mortality burdens that are higher compared to present-day 
estimates.  
Considering the individual regions, the overall population increases under 
SSP1 everywhere, but the difference in mortality burden for the majority of the 
regions for RCP2.6 and RCP8.5 is still negative (Fig. 5.17a). However, for regions 
where the population is projected to increase substantially notably London, the 
impact of increased population leads to an increase in future estimated mortality 
for all RCPs (yellow box Fig. 5.17a).  
 





As a result of a further increase in total population for SSP5, the estimated 
future mortality burdens are higher overall compared to present-day for RCP2.6 and 
RCP6.0 with 683 and 7,012 additional attributable deaths (Fig. 5.17b). In contrast, 
for the majority of the regions under RCP8.5 with SSP5 population levels for 2050, 
the PM2.5-related UK mortality burden is lower overall compared to present-day 
with a total of 143 avoided attributable deaths (Fig. 5.17b). 
To summarise the results of section 5.4, including the projected population 
scenarios when estimating future mortality burdens based on the SSP1 and SSP5, 





















































Figure 5.17 Differences in UK annual attributable deaths associated with long-term exposure to 
annual mean PM2.5 between present-day (PD) for 2000 and future under RCP2.6, RCP6.0 and RCP8.5 
for 2050  including future population projections following (a) SSP1 and (b) SSP5. Colours indicate 
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such as London. For O3 whose levels are estimated to increase in the future, the 
difference in mortality burdens between present-day and future is amplified when 
incorporating future population scenarios (up to a factor of ~3). However, for NO2 
and PM2.5, pollutants that are estimated to decrease under future UK emissions 
scenarios, including future increases in population may result in a change in sign as 
well as the magnitude for the total differences in UK mortality burdens between 
present-day and future. This result is broadly consistent with other studies. For 
example Silva et al (2016) suggest that future increases in population in 2050 
magnify the impact of changes in air pollutant concentrations and find that the 
future global mortality burden of air pollution for PM2.5 can exceed the current 




The influence of changes in UK emissions following three Representative 
Concentration Pathways (RCPs); RCP2.6, RCP6.0 and RCP8.5 on simulated air 
pollutant concentrations of O3, NO2 and PM2.5 over the UK for 2050 relative to 2000 
is investigated using an air quality model (AQUM) at a 12 km horizontal resolution. 
The corresponding changes in attributable fraction (AF) of mortality and mortality 
burdens associated with long-term exposure to annual mean MDA8 O3, NO2 and 
PM2.5 between present-day and future scenarios are estimated for different regions 
of the UK. In addition the sensitivity of these health estimates to future population 
projections is also analysed. 
Future pollutant levels are driven by changes in precursor and primary 
aerosol emissions over the UK as well as the underlying chemistry. Under all the 
three RCPs, O3 concentrations increase across the entire UK in 2050 compared to 
2000 due to substantial decreases in NOx emissions (ranging between -58% and -
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73%) leading to less titration of O3 by NO. Projected increases in CH4 concentrations 
for the UK under RCP6.0 and RCP8.5 may also contribute to increases in O3 
concentrations. The increases in O3 are largest in regions having low present-day O3 
concentrations and reach a maximum (greater than 12 µg m-3,~40%) in Central 
England under RCP8.5. In contrast, under all RCPs, simulated annual mean NO2 
concentrations decrease across the UK with the largest reductions occurring in 
Central England (~-75%), where O3 increases are greatest. Overall, this suggests the 
whole of the UK is simulated in this study as being in a NOx saturated or VOC 
limited regime (Section 1.2), and highlighting that future emission controls should 
not only consider NOx emissions reductions. 
Annual mean PM2.5 concentrations also decrease in 2050 for all RCPs with 
the highest reductions of ~4.5 µg m-3 (~-50%). in Central and eastern England for 
RCP8.5 (~-50%). This is driven by large reductions in precursor emissions of SO2 (up 
to -94% for RCP8.5) which in turn lead to reductions in sulphate aerosol 
concentrations (a major component of present-day total PM2.5); 45% for present-
day to 27% under RCP 2.6. 
For all regions and under all three RCP emission scenarios, the 
corresponding AF of respiratory mortality associated with long-term exposure to 
annual mean MDA8 O3 is estimated to increase in 2050 while the AF of all-cause 
(excluding external) mortality associated with long-term exposure to NO2 and PM2.5 
is estimated to decrease as a result of higher and lower projected pollutant 
concentrations, respectively. The future AF of respiratory mortality associated with 
long-term exposure to MDA8 O3 is estimated to increase compared to present-day 
with the largest increase reaching 9.34% (95% CI = 6.50%, 11.93%) in the East 
Midlands under the RCP8.5 emission scenario. The corresponding total respiratory 
mortality burden associated with long-term exposure to MDA8 O3 between the 
RCPs is estimated to increase by 2,529 (RCP6.0) to 5,396 (RCP8.5) additional 
attributable deaths in 2050 relative to 2000.  
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Future AF estimates associated with long-term exposure to annual mean 
NO2 are lower compared to present-day with differences ranging between -1.36% 
(95% CI = -0.55%, -2.14%) in the South West region to -4.06% (95% CI = -1.66%, -
6.35%) in East Midlands for RCP2.6 and RCP8.5, respectively. Differences between 
present-day and future NO2-related mortality burdens range between 9,418 and 
15,782 avoided attributable deaths for RCP6.0 and RCP8.5, respectively.  
The AF of mortality associated with long-term exposure to PM2.5 
concentrations is lower in 2050 for all RCPs compared to present-day, with 
differences ranging between -2.28% (95% CI = -1.5%, -3.0%) in East Midlands and -
0.43% (95% CI = -0.29%, -0.56%) in Scotland for RCP8.5 and RCP6.0, respectively. 
The UK mortality burden associated with present-day long-term exposure to annual 
mean PM2.5 is estimated at 32,996 attributable deaths. Differences in mortality 
burdens between present-day and future range from 4,521 to 9,481 avoided 
attributable deaths for RCP6.0 and RCP8.5, respectively.  
Results show that future MDA8 O3, NO2 and PM2.5-attributable mortality 
burdens are sensitive to future population scenarios. Population scenarios based on 
the shared socio-economic pathways (SSPs) are used in this chapter which are 
compatible with the RCPs. Including future 2050 population scenarios SSP1 and 
SSP5, whereby the population total for the UK increases by a factor of 1.2 and 1.4, 
respectively, results in larger positive differences between present-day and future 
mortality burdens associated with long term exposure to O3 with a maximum of 
13,661 additional attributable deaths for the UK in 2050 for RCP8.5 under the SSP5 
population scenario. This value is up to a factor of ~ 3 greater than if population 
totals are kept at present levels. In contrast the reduction in attributable deaths 
associated with long-term exposure to NO2 between present-day and future are 
diminished, with a maximum difference of 11,877 avoided attributable deaths for 
the UK when including the SSP5 population scenario and RCP8.5 (up to a factor of ~ 
0.9 of estimates with population totals kept at present levels). The impact of 
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applying future population projections on PM2.5-related mortality burdens is similar 
to the NO2-related mortality burdens. However, following the SSP5 population 
scenario, PM2.5-related mortality burdens for RCP2.6 and RCP6.0 in 2050 are higher 
compared to present-day leading to 683 and 7,012 additional attributable deaths, 
despite simulated reductions in PM2.5 concentrations under these future scenarios. 
Note that, these mortality burdens may be overestimated as the effect of exposure 
to NO2 and PM2.5 may not be independent. 
In terms of uncertainty, the 95% CI representing uncertainties associated 
with the CRF is quantified for the AF of mortality due to long-term exposure to O3, 
NO2 and PM2.5. Results suggest that the uncertainty in the CRF has a substantial 
impact on the estimates of the AF of mortality for each UK region in terms of their 
magnitude and direction change, except for four UK regions where significant 
differences in AF estimates are found between present-day and following RCP 8.5 in 
2050. In addition although uncertainties in total population projections are 
considered, uncertainties associated with the population demographics e.g. aging 
are not considered. In this Chapter ageing was not considered as gridded population 
data stratified by age is not currently freely available for future population 
estimates. Scaling of population totals could have been implemented to account for 
ageing however results would be highly uncertain. Changes in future baseline 
mortality rates are also neglected in this Chapter. Nonetheless results in this 
chapter highlight the sensitivity of annual mean MDA8 O3, NO2 and PM2.5 
concentrations to reducing UK NOx emissions which in turn drive changes in 
estimates of UK and regional mortality burdens associated with long-term exposure 
to these pollutants under three RCPs for 2050 compared to 2000. In addition 









Chapter 6 Conclusions 
 
This chapter presents the main conclusions of this thesis together with the 
uncertainties and limitations encountered and ideas for future work. First, a brief 
recollection of the motivation of this thesis and the research questions that have 




Air pollution is a major environmental concern with epidemiological evidence 
linking adverse health impacts to air pollution exposure continuing to strengthen. 
Results from such epidemiological studies have been extensively used to estimate 
present-day health burdens due to air pollution exposure both globally and 
regionally. Chemistry-climate models are often used in global or regional-scale 
studies to simulate pollutant concentrations. One key uncertainty relates to the 
influence of different horizontal model resolutions within chemistry-climate models 
on simulated pollutant concentrations (Section 1.6).  
The severity of air pollution events is linked to both emissions and the 
prevailing weather. Air pollution episodes generally occur under stagnant weather 
conditions associated with anticyclones (Section 1.7). In summer, such episodes 
may also be associated with heatwaves. Under a changing climate, while heatwaves 
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may become more intense and frequent, large-scale blocking episodes may 
decrease (Section 1.7). Thus studying the subsequent health impacts of air pollution 
episodes for present-day may shed light on the variability of health impacts 
associated with air pollution episodes. 
In the future, changes in emissions are likely to be highly important for 
controlling air pollution in many world regions especially in the near-term (Section 
1.8). Chemical reactions occurring within the troposphere are often highly non-
linear (Sections 1.2.1, 1.2.2), thus research utilising chemistry-climate modelling is 
useful to estimate future pollutant concentrations under various scenarios which in 
turn will have implications for public health.  
 
The main three objectives of this thesis are:  
 
(1) To quantify the influence of model horizontal resolution on simulated 
concentrations of ozone (O3) and particulate matter less than 2.5 μm in 
diameter (PM2.5) for Europe and the implications for health impact 
assessments associated with long-term exposure to these pollutants 
(Chapter 3).  
 
(2) To assess the variability in air pollutant concentrations of O3 and PM2.5 
during two air pollution episodes in July 2006 in the UK and estimate the 
corresponding short-term attributable fraction of mortality and associated 
mortality burdens (Chapter 4). 
 
Chapter 6 Conclusions  
209 
 
(3) To estimate the potential future attributable fraction of mortality and 
associated mortality burdens in the UK associated with long-term exposure 
to O3, NO2 and PM2.5 under future UK emissions for 2050 (Chapter 5).  
 
The rest of this chapter is organised as follows: First, a summary of the impacts 
of model horizontal resolution on O3 and PM2.5 concentrations and the subsequent 
long-term health impacts in Europe are presented in Section 6.2. Next, the 
attributable fraction of mortality and corresponding mortality burdens associated 
with short-term exposure to O3 and PM2.5 concentrations during two air pollution 
episodes in July 2006 in the UK are discussed in Section 6.3. Lastly, the future 
attributable fraction of mortality and mortality burdens related to changes in UK 
emissions following three Intergovernmental Panel on Climate Change (IPCC) 
Representative Concentration Pathways (RCPs); RCP2.6, RCP6.0 and RCP8.5 are 
presented in section 6.4. The main findings of each chapter are also included in 
point form within a blue text box followed by highlights of each chapter within a 
green text box at the end of each section. Finally, uncertainties and limitations of 
this thesis and suggestions for future work are discussed in Sections 6.5 and 6.6.  
 
6.2 The influence of model spatial resolution on simulated O3 
and PM2.5 concentrations for Europe: implications for 
health impact assessments.  
 
In Chapter 3, chemistry-climate model simulations are conducted to examine the 
influence of model horizontal grid resolution on O3 and PM2.5 concentrations and 
the associated health impacts in terms of the Attributable Fraction (AF) of mortality 
(Section 2.4.1). Two simulations are performed using the HadGEM3–UKCA (UK 
Chemistry and Aerosol) chemistry–climate model (Section 2.1) at two horizontal 
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resolutions: a global or coarser resolution (~140 km) and a regional or finer 
resolution (~50 km) to simulate air pollutant concentrations over Europe.  
Simulated seasonal mean O3 concentrations are compared to 52 
measurement sites from the European Monitoring and Evaluation Programme 
(EMEP) network (Section 2.3). Modelled and observed seasonal mean O3 
concentrations averaged across the 52 sites are generally highest in spring and 
summer and lowest in autumn and winter. Compared to measurements, simulated 
O3 concentrations at both resolutions are lower in winter and higher in summer and 
autumn. In spring, O3 concentrations simulated at the coarser resolution are higher 
while concentrations at the finer resolution are lower compared to observations.  
A seasonal variation in the mean O3 differences averaged over Europe 
between the two model resolutions is found. At the coarse resolution, O3 
concentrations averaged over Europe are higher in winter and spring (~ 10% and 
~6%, respectively) but lower in summer and autumn (~-1% and ~-4%, respectively) 
compared to the finer resolution. Differences in the simulated seasonal mean O3 
concentrations between the two resolutions are closely linked to differences in NO2 
concentrations. At the finer resolution, NO2 concentrations are higher close to 
emissions sources and often coinciding with lower O3 concentrations at these 
locations. The lower O3 levels are thus likely due to the titration effect of NO on O3 
(R1.6; Section 1.2.1.2). Differences in seasonal mean planetary boundary layer (PBL) 
height between the two resolutions may also be linked with differences in seasonal 
mean O3 concentrations. However, isolation of the independent impacts of 
chemistry and mixing on seasonal mean O3 concentrations is not possible.  
Simulated seasonal mean PM2.5 concentrations are also compared to 
available EMEP observations at 25 sites. Observed seasonal mean PM2.5 
concentrations are highest in winter and spring and lowest in summer and autumn. 
However simulated seasonal mean PM2.5 concentrations averaged across the 25 
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sites are generally higher in spring and summer and lower in autumn and winter for 
both resolutions. PM2.5 concentrations simulated at both the coarse and finer 
resolutions are lower in winter and higher in summer compared to measurements. 
In spring and autumn, PM2.5 concentrations simulated at the coarse resolution are 
lower compared to observations but higher at finer resolution.  
Compared to O3, the opposite seasonality in Europe-average differences in 
PM2.5 concentrations between the two resolutions is found. At the coarse 
resolution, seasonal mean PM2.5 concentrations averaged across Europe are lower 
in winter and spring (~-8% and ~-6%, respectively) but higher in summer and 
autumn (~10% and ~6%, respectively). Differences in the seasonal mean PBL height 
may partly explain differences in seasonal mean PM2.5 concentrations. In particular, 
a deeper PBL height is generally simulated at the finer resolution over Europe in 
summer which may lead to greater vertical lofting producing lower surface PM2.5 
concentrations at this resolution compared to the coarser resolution. Furthermore, 
for all seasons, differences in seasonal mean PM2.5 concentrations between the two 
resolutions are associated with differences in the convective rainfall rate which 
impact aerosol wet removal rates.  
In the second part of Chapter 3, the influence of changing the model 
horizontal resolution on the estimated health impacts is presented. This is done 
using warm season (April-September) daily maximum 8-hr running mean (MDA8) O3 
and annual mean PM2.5 concentrations as the relevant metrics and averaging 
periods associated with long-term exposure (Section 1.4.4). For both air pollutants, 
the spatial patterns of differences between the two model resolutions reveal clear 
and important contrasts. Using the coarse resolution, warm season MDA8 O3 levels 
are shown to be higher in most of southern Europe as well as the UK and Ireland, 
but lower in other areas of northern and eastern Europe, when compared to the 
finer resolution. In contrast, annual mean PM2.5 concentrations are higher across 
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most of northern and eastern Europe, but lower over parts of southwest Europe at 
the coarse compared to the finer resolution.  
Finally, the attributable fraction (AF) of respiratory and all-cause (excluding 
external)mortality associated with long-term exposure to population-weighted 
warm season MDA8 O3 and annual mean PM2.5 is estimated at both horizontal 
resolutions for all European countries. The same concentration-response function 
(CRF; section 1.4.3) is used to estimate health effects at the coarse and finer model 
resolutions, and thus differences in the O3 and PM2.5-related country specific AF 
estimates are driven solely by differences in population-weighted pollutant 
concentrations. Hence the spatial patterns of differences across Europe in the AF of 
mortality associated with long-term exposure to O3 and PM2.5 between the two 
resolutions are similar to those outlined above for each pollutant. Across all the 
European countries, differences in the AF of respiratory mortality associated with 
long-term exposure to population–weighted warm season MDA8 O3 range between 
−0.9 and +2.6% while differences in the AF of all-cause (excluding external) 
mortality associated with long-term exposure to population–weighted annual mean 
PM2.5 range from −4.7 to +2.8%. 
  






















Main findings – Chapter 3 
 Seasonal mean O3 concentrations simulated at the coarse resolution are 
higher in winter and spring but lower in summer and autumn compared 
to the finer resolution. An opposite seasonality is found for differences 
in PM2.5 concentrations between the two resolutions.  
 
 The impact of the two resolutions on pollutant concentrations varies 
spatially, leading to similar spatially varying differences in country-
specific AF of mortality associated with long-term exposure to summer 
mean MDA8 O3 and annual mean PM2.5.  
 
 Across Europe, country-average AF associated with long-term exposure 
to summer mean MDA8 O3 range between −0.9% and +2.6% of the total 
respiratory mortality (largest positive and negative differences in 
southern and eastern Europe, respectively). 
 
 Differences in AF associated with long-term exposure to annual mean 
PM2.5 range from −4.7% to +2.8% of the total all-cause (excluding 
external) mortality (largest positive and negative differences in eastern 
and western Europe, respectively). 




6.3 Mortality associated with O3 and PM2.5 air pollution 
episodes in the UK in 2006. 
 
In Chapter 4 the mortality burden associated with short-term exposure to O3 and 
PM2.5 during two air pollution episodes in July 2006; 1
st-5th July and 18th – 22nd July, 
are estimated across the UK. The dates selected for the air pollution episodes are 
based on days when the Daily Air Quality Index (DAQI - and air quality guideline 
used in the UK; Section 1.4.1) was ‘moderate’ to ‘high’ and with high levels of O3 
and PM2.5 occurring concurrently. The UK Met Office air quality model (AQUM) at 
12 km horizontal resolution is used to simulate pollutant concentrations of O3 and 
PM2.5 during these two episodes. During both episodes, simulated meteorological 
variables suggest persistent anticyclonic conditions with mean sea-level pressures 
~1020 hPa, light winds (~ 1.5m s-1), high temperatures (~ 16°C to 26°C) and 
prevailing winds from the east and south east. This leads to high simulated 
concentrations of MDA8 O3 (~120-130 µg m
-3) and daily mean PM2.5 (~20-40 µg m
-3), 
Highlights – Chapter 3 
 Seasonal variation in simulated O3 differences between the finer and 
coarse resolutions.  
 
 Opposite seasonal variation in simulated PM2.5 differences between the 
two resolutions compared to the O3 differences.  
 
 The corresponding differences in the AF of mortality associated with 
long-term exposure to O3 and PM2.5 expressed as a percentage range 
between ~-4% and ~3% between the two resolutions.  
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due to both local emissions trapping under stagnant conditions and slow transport 
of pollution from continental Europe.  
For each episode the daily deaths brought forward associated with short-
term exposure to MDA8 O3 and PM2.5 are estimated. For the two episodes in July 
2006, the estimated UK total MDA8 O3-related (all-cause) mortality burden is similar 
with about 70 total daily deaths brought forward. In contrast the PM2.5-related (all-
cause) mortality burden differs between the episodes with about 43 and 36 daily 
deaths brought forward during the first and second episode, respectively. Values 
across the UK regions, expressed as a percentage of all-cause mortality (AF) due to 
short-term exposure to O3 and PM2.5, range between 3.4% and 5.2% for the first 
episode and between 1.6% and 3.9% during the second episode.  
For both episodes, the total mortality burdens are estimated to be highest in 
regions with higher population totals for example the South West and North West 
regions. However regions having a high AF of mortality associated with short-term 
exposure to O3 and PM2.5 differ depending on the pollution levels in each episode.  
The excess mortality burden associated with the high levels of air pollution 
during these two five-day air pollution episodes is estimated. This is done by first 
estimating the ‘typical’ deaths brought forward that would have occurred if air 
pollutant concentrations during the air pollution episodes were at levels 
representative of the summer mean (June-August). The excess deaths are then 
estimated by subtracting the ‘typical’ estimated deaths brought forward from the 
episode estimated deaths brought forward. The MDA8 O3-mortality burden is 
estimated to be 38% and 36% higher during the first and second episode, 
respectively than if ‘typical’ summer mean concentrations occurred. Using PM2.5 
concentrations representative of the summer average, the mortality burden during 
the episodes is estimated to be 56% and 39% higher than if the pollution levels 
represented ‘typical’ summer-mean concentrations.  






















Main findings – Chapter 4 
 Simulated meteorological variables between 1st-5th July and the 18th-22nd 
July 2006 suggest persistent anticyclonic conditions with high 
temperatures, light winds and easterly to south easterly flow allowing for 
air pollution build –up.  
 
 For the two episodes, the total (all-cause) mortality burden associated 
with short-term exposure to MDA8 O3 is estimated to be ~70 daily deaths 
brought forward, respectively. 
 
 The estimated health burden associated with short-term exposure to daily 
mean PM2.5 concentrations differs between the first and second episode 
resulting in about 43 and 36 daily deaths brought forward, respectively. 
 
 The corresponding percentage of all-cause mortality due to short-term 
exposure to MDA8 O3 and daily mean PM2.5 during these two episodes and 
across the UK regions, ranges from 3.4% to 5.2% and from 1.6% to 3.9%, 
respectively. 
 
 During these episodes the short-term exposure to MDA8 O3 and daily 
mean PM2.5 is between 36-38% and 39-56% higher, respectively, than if 
the pollution levels represented typical summer-mean concentrations.  





6.4 Future health burdens associated with RCP emission 
scenarios for 2050 for the UK. 
 
In chapter 5, the influence of estimated future UK emissions on simulated pollutant 
concentrations under three IPCC RCPs; RCP2.6, RCP6.0 and RCP8.5 (Section 1.8) for 
2050 (future) relative to 2000 (present-day) is investigated. In this chapter, the 
AQUM air quality model at 12 km resolution (Section 2.2) is used to simulate 
present-day and future concentrations of O3, NO2 and PM2.5. These pollutant 
concentrations are then used to estimate differences in the attributable fraction 
(AF) of mortality, and differences in the respiratory (O3) and all-cause (NO2 and 
PM2.5) mortality burdens associated with long-term exposure to annual mean 
concentrations of MDA8 O3, NO2 and PM2.5 between present-day and future 
Highlights – Chapter 4 
 In heatwaves similar to July 2006, high levels of PM2.5 and O3 
concentrations are simulated concurrently due to anticyclonic conditions 
with light easterly and south easterly winds and high temperatures that 
aid pollution build up.  
 
 Short-term exposure to O3 is between 36-38% higher during these air 
pollution episodes compared to typical conditions.  
 
 Short-term exposure to PM2.5 is between 39-56% higher during the same 
time period compared to typical conditions.  
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scenarios for each region in the UK. The sensitivity to future population projections 
is also analysed.  
Simulated future pollutant concentrations are generally driven by changes in 
primary or precursor emissions as well as the underlying chemistry. Under all three 
RCPs, annual mean MDA8 O3 concentrations in 2050 increase across the UK relative 
to present-day, with increases greater than 12 µg m-3 (~+40%) across much of 
central and southern regions of England for RCP8.5. This is a result of projected 
decreases in nitrogen oxides (NOx) emissions ranging between 58% and 73% 
depending on the RCP across the UK. This leads to less titration of O3 by NO (R1.6; 
Section 1.2.1.2) especially in highly polluted regions, and hence higher O3 levels 
compared to present-day. Under RCP6.0 and RCP8.5, methane (CH4) concentrations 
increase throughout the UK for 2050, which may also contribute to increases in O3 
concentrations. However spatial differences in O3 concentrations between present-
day and future are clearly explained by spatial differences in NOx emissions. As a 
result of decreases in NOx emissions, NO2 concentrations decrease by more than 9 
µg m-3 (~-75%) across much of central and southern regions of England for RCP8.5. 
In central and eastern England, annual mean PM2.5 concentrations also decrease by 
at most ~4.5 µg m-3 (~-50%) in the future for RCP8.5. This decrease is primarily 
driven by large reductions in precursor emissions of sulphur dioxide (SO2; up to -
94% for RCP8.5) which affect secondary inorganic aerosol concentrations (Section 
1.2.3). These reductions in SO2 emissions for 2050 in conjunction with projected 
increases in ammonia emissions (NH3; up to +29% for RCP6.0) result in an overall 
change in the simulated composition of PM2.5. Simulated present-day PM2.5 
concentrations consist of 35% ammonium nitrate and 45% ammonium sulphate, 
whereas in 2050 the major component of PM2.5 is ammonium nitrate, ranging from 
45% to 53% for RCP6.0 and RCP8.5, respectively compared to ammonium sulphate 
ranging from 27% (RCP2.6) to 37% (RCP6.0). For all three pollutants, the largest 
changes between 2050 and present-day are estimated for RCP8.5 while the smallest 
changes are estimated for RCP2.6 and RCP6.0. Consequently, these two RCPs 
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represent the high and low end of the AF and mortality burden difference range 
relative to present-day for all three pollutants.  
Under the assumption that the CRF (Section 1.4.3) remains unchanged 
between present-day and future, differences in the AF of mortality for 2050 relative 
to present-day are solely dependent on differences in air pollutant concentrations. 
Thus the AF of respiratory mortality associated with long-term exposure to annual 
mean MDA8 O3 is estimated to increase in the future for all regions and under all 
RCPs (~+2.4% to +9.3%) while the AF of all-cause (excluding external) mortality 
associated with long-term exposure to NO2 and PM2.5 is estimated to decrease (~-
1.4% to -4.1% and ~-0.4% to -2.3%, respectively). 
The UK-wide mortality burden due to long-term exposure to O3 in 2050 is 
estimated to increase with 2,529 (RCP6.0) to 5,396 (RCP8.5) additional attributable 
deaths relative to 2000 (depending on the RCP). In contrast, in 2050 the resultant 
UK-wide mortality burden due to long-term exposure to NO2 decreases with 9,418 
(RCP6.0) to 15,782 (RCP8.5) avoided attributable deaths and for PM2.5 decreases 
with 4,524 (RCP6.0) to 9,481 (RCP8.5) avoided attributable deaths compared to 
present-day.  
Finally, the sensitivity of mortality burdens to two future population 
scenarios is estimated. This is done by using two future population projections from 
the Shared Socioeconomic Pathways (SSPs), which can be used in conjunction with 
the RCPs: SSP1 and SSP5. For both SSPs the UK population is projected to increase 
by a factor of 1.2 (SSP1) and 1.4 (SSP5). Future estimated mortality burdens are 
highly sensitive to these population projections. Including population projections in 
the estimation of health effects augments increases in total UK O3-mortality 
burdens between 2050 and 2000 by up to a factor of ~3, but diminishes UK 
decreases in NO2-mortality burdens by up to a factor of ~0.9. For PM2.5, accounting 
for future population growth in 2050 following SSP1, results in avoided attributable 
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deaths compared to 2000 under RCP2.6 and RCP8.5. Similarly following SSP5 and 
RCP8.5 the mortality burden associated with long-term exposure to PM2.5 is lower 
in 2050 compared to 2000. In contrast, the mortality burden associated with long-
term exposure to PM2.5 is higher in the future compared to present-day for SSP1 
and RCP6.0 and for SSP5 in conjunction with RCP2.6 and RCP6.0. This is due to large 
increases in population growth under SSP5 which outweigh the impact of lower 
PM2.5 concentrations under these two RCPs in 2050 compared to present-day.   





Main findings – Chapter 5 
 Simulated annual mean MDA8 O3 concentrations increase in 2050 relative 
to 2000 under all RCPs while NO2 and PM2.5 concentrations decrease 
under all RCPs in 2050 compared to present-day. Increases in O3 
concentrations are largely due to a NOx saturated regime simulated 
across all of the UK, whereby large projected NOx emission reductions 
result in higher O3 levels. Decreases in PM2.5 concentrations are driven by 
large reductions in precursor emissions of SO2.  
 
 The AF of respiratory mortality associated with long-term exposure to 
MDA8 O3 is estimated to increase in 2050 compared to 2000 while the AF 
of all-cause mortality associated with long-term exposure to annual mean 
concentrations of NO2 and PM2.5 is estimated to decrease for all UK 
regions and all RCPs.  
 
  Differences in the total UK-wide mortality burden attributable to long-
term exposure to annual mean MDA8 O3, NO2 and PM2.5 between 
present-day and future are largest for RCP8.5 and lowest for RCP6.0. 
Across the RCPs these differences in attributable deaths between 
present-day and future range from +2,529 to +5,396 for O3, -9,418 to -
15,782 for NO2 and from -4,524 to -9,481 for PM2.5 attributable deaths in 
the future compared to present-day.  
 
 Estimated mortality burdens are sensitive to population growth under 
SSP1 and SSP5 population scenarios. Across the RCPs, differences in UK 
O3-mortality burdens between 2050 and 2000 are magnified by up to a 
factor of ~3 while differences in NO2-mortality burdens are diminished by 
up to a factor of ~0.9. For PM2.5, additional UK-wide attributable deaths 
are estimated in 2050 compared to 2000 under RCP2.6 and RCP6.0 and 
SSP5 despite a decrease in PM2.5 concentrations in 2050.  
 




Highlights – Chapter 5 
 All of the UK is simulated to be in a NOx-saturated chemical environment 
where large reductions in NOx emissions result in overall increases in 
simulated O3 concentrations.  
 
 For all RCPs, ammonium nitrate increasingly becomes the more 
dominant constituent of PM2.5 concentrations especially under RCP2.6 
and RCP8.5 as opposed to present day where ammonium sulphate 
constitutes 45% of total PM2.5 concentrations. This is primarily linked 
with reductions in SO2 emissions in conjunction with increases in 
ammonia emissions under all three RCPs.  
 
 Differences in the UK-wide mortality burden due to long-term exposure 
to O3 across the RCPs range from +2,529 to +5,396 additional deaths in 
2050 compare to 2000.  
 
 Differences in health burdens from long-term exposure to annual mean 
NO2 and PM2.5 are between -9,418 and -15,782 and from -4,524 to - 
9,481 avoided attributable deaths in 2050 relative to present-day 
respectively.  
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6.5 Uncertainties and Limitations 
 
In this section the uncertainties and limitations of the work presented in this thesis 
are discussed. A number of uncertainties in conducting health impact assessments 
are related to the CRFs used. These are first described below followed by limitations 
associated with the estimation of the mortality burden during an air pollution 
episode and the use of present-day baseline mortality data for estimating the future 
health impact assessment.  
In Chapter 3, the influence of model horizontal resolution on the O3-related 
long-term health impacts is estimated for warm season (April-September) MDA8 O3 
concentrations, as that is the relevant metric associated with the CRF used (Section 
1.4.3). In addition, the sensitivity of differences in the AF of respiratory mortality 
associated with long-term exposure to annual mean MDA8 O3 to model horizontal 
resolution is also studied using a different CRF (Section 1.4.3). However the higher 
CRF associated with annual mean MDA8 O3 exposure results in a larger range of 
differences in the AF of mortality across the countries. This is primarily due to a 
higher CRF (~ a factor of 4) rather than differences in annual mean O3 compared to 
summer mean concentrations. The differences in simulated O3 concentrations 
between the coarse (global) and finer (regional) resolution vary with season 
(Chapter 3), which results in corresponding seasonal differences in estimated AF of 
respiratory mortality between the two resolutions. However the estimation of 
differences in the AF of respiratory mortality depends on the available CRF which is 
associated with a specific averaging period for the pollutant concentrations used. 
CRFs for O3 related mortality are only available for the warm season (April to 
September) or annually thus it is not possible to estimate the range of differences in 
AF of mortality between the two model resolutions for other seasons or time 
periods.  
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In this thesis the CRFs used are derived from a mixture of single and multi-pollutant 
studies. CRFs from single-pollutant studies (Atkinson et al., 2015; COMEAP, 2015a; 
Jerrett et al., 2009) do not take into account potential overlaps or interactions in 
relationships between O3 and/or NO2 and/or PM2.5 concentrations with health 
effects. This can lead to an underestimation of the true impact of the pollution 
mixture, especially if other pollutants also affect the same health outcome 
(COMEAP, 2015a). For example, Williams et al. (2014) demonstrate that the analysis 
of O3 and NO2 concentrations separately in epidemiological studies can 
underestimate the combined effects on the population from exposure to both 
pollutants. On the other hand, the effects of O3 and PM have been shown to be 
relatively independent (WHO, 2006). Future work could focus on analysing the 
combined health impact associated with different air pollutants. For pollutants 
which are closely related such as PM2.5 and NO2 or O3 and NO2, the combined health 
impact can be examined by using CRFs that account for multiple pollutants. In 
addition the combined health impact could be more easily implemented for 
pollutants that are mostly independent such as PM2.5 and O3 by using CRFs derived 
from single pollutant models and adding the resulting two health burdens. All this is 
however limited by advancement in epidemiological studies which derive the 
respective CRFs from single-pollutant and more importantly multi-pollutant studies 
which are thus far limited.  
Some studies suggest differences in CRFs across different population 
subgroups. The impacts of exposure to air pollution may vary due to variations in 
vulnerability due to age and pre-existing disease and other factors (National 
Research Council, 2002). The exposure to air pollution may also vary depending on 
factors such as place of residence and socioeconomic status. For example people 
who reside in cities are exposed to higher traffic-related primary emissions 
(Katsouyanni et al., 2001) while people with a higher education level are often less 
exposed to high PM2.5 concentrations (Krewski et al., 2009). However such effects 
are not currently included in CRFs. Thus the assumption that the same CRF applies 
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equally to all European countries (Chapter 3) and all UK regions (Chapters 4 and 5), 
as well as to all population groups in these regions is also employed in this thesis.  
In addition, the CRFs used in this thesis for long-term exposure to O3 are 
derived from US based cohort studies (Section 1.4.4). CRFs derived from US based 
cohorts may not be representative of the relationship between air pollution 
exposure and health effects in different regions such as Europe or the UK. 
Nonetheless, the use of CRFs that are derived from European and or UK cohort data 
would be useful, although such data is limited for  Europe in the case of long-term 
exposure to O3 (Atkinson et al., 2016). 
Another uncertainty in health impact assessments is related to the 
estimation of a ‘typical’ mortality burden in Chapter 4. The mortality burden 
associated with short-term exposure to O3 and PM2.5 during two air pollution 
episodes is estimated in Chapter 4. To estimate the additional impact that occurred 
due to high levels of air pollution, the ‘typical’ mortality burden is estimated for 
each day of the episode (i.e. the mortality burden due to ‘typical’ levels of air 
pollution). In estimating the ‘typical’ mortality burden, summer mean (June-August) 
pollutant concentrations are used and are kept constant for all days of the episode 
while no changes are made to the baseline mortality between the two estimated. 
Under ‘typical’ conditions, the baseline mortality is likely to be slightly lower than 
that occurring during an air pollution episode, and thus may result in an 
overestimation of the ‘typical’ mortality burdens (i.e. an underestimation of the 
additional deaths due to the air pollution episode).  
Further uncertainties arise when conducting future health impact 
assessments. These are associated with future population levels and future baseline 
mortality. In Chapter 5, when considering the mortality burden associated with 
different future emissions scenarios, uncertainties that are accounted for are 
associated with the 95% confidence interval of the CRF, and with future population 
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projections using the SSP scenarios. However, future population estimates 
especially extending out to 2050 are highly uncertain for example in terms of 
changes in population demographics. In addition, for all future mortality burden 
estimates presented in Chapter 5, the baseline mortality is kept constant, as trends 
in the mortality rates in the future are highly uncertain. In the UK, since 2011 there 
has been a decline in mortality rates as life-expectancy has increased (Continuous 
Mortality Investigation, 2017), however overall evidence to aid the prediction of 
future mortality rates is limited. Future mortality rates are highly uncertain and may 
revert to a downward trend, continue fluctuating at present rates or possibly 
increase (Newton et al., 2017).  
 
6.6 Future Work 
 
In this section, the different areas of potential further research in relation to health 
impact assessments are outlined. These include the impact of NOx emission controls 
(Section 6.6.1), the impact of species-specific CRFs for PM2.5 (Section 6.6.2), the 
impact of different emission sectors (Section 6.6.3), the impacts of emissions from 
outside Europe and the UK (Section 6.6.4) and the impact of climate change 
(Section 6.6.5) on pollutant concentrations and the corresponding health impacts.  
 
6.6.1 The influence of model horizontal resolution on future O3-
mortality burdens in Europe 
 
In Chapter 5, simulated O3 concentrations in 2050 using the AQUM model at a 12 
km horizontal resolution for the UK are sensitive to NOx emission reductions. 
Results indicate that all of the UK is in a NOx saturated environment. Therefore 
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projected reductions in NOx (up to ~70% in RCP 8.5) lead to increases in O3 
concentrations in 2050 due to the reduction of titration of O3 by NO. This is an 
important result pertinent to the development of effective emissions control 
strategies in the UK. However Chapter 3 indicates that NOx levels and hence O3 
titration is resolution-dependent. As future health impact assessments at global and 
continental levels are often conducted using relatively coarse resolution models, 
the magnitude of this titration effect might be underestimated, or indeed a NOx 
limited regime whereby O3 increases with higher NOx may be simulated (Fig. 1.4 
Section 1.2.1.2). Further research would benefit from quantifying the influence of 
model resolution on future O3 concentrations with particular focus on the influence 
of NOx emission reductions in different regions.  
 
6.6.2 The toxicity of different air pollutants 
 
Throughout this thesis health impact assessments are conducted for both short-
term and long-term exposure to O3 and PM2.5 (Chapter 3 and 4) with the inclusion of 
long-term exposure to NO2 in Chapter 5. These pollutants are identified by the 
World Health Organisation (WHO) as being most detrimental to health based on 
strong evidence of health effects. Several studies conduct health impact 
assessments associated with various components of PM2.5 however these use the 
CRFs for total PM2.5 to evaluate the composition-specific health impact (Kushta et 
al., 2018; Li et al., 2015; Punger and West, 2013). Some studies suggest that some 
individual PM2.5 components such as elemental carbon are more toxic than others 
(Section 1.2.2.2). Future work could attempt to study species-specific health 
burdens for different PM2.5 components by using the same CRFs for total PM2.5 and 
comparing these results to those that account for the different toxicity of PM2.5 
components by using a species-specific CRFs (e.g. CRF for elemental carbon is given 
in Peng et al. 2009). However, it is acknowledged that there is limited 
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epidemiological evidence relating individual PM2.5 components to adverse health 
impacts. 
 
6.6.3 The contribution of individual emissions sectors on pollutant 
concentrations and the associated UK health burdens 
 
The UK anthropogenic, biomass burning and biogenic emissions from all sectors are 
considered in combination in Chapter 5 however RCP emissions are divided into 
different sectors (e.g. the transport sector). On a global scale, Silva et al. (2016) 
suggest that global reductions of emissions of O3 precursors from ‘Land 
Transportations’, and reduction in PM2.5 emissions from the ‘Residential and 
commercial’ sectors would be particularly beneficial to public health. In a recent 
study, Williams et al. (2018) suggest that while total PM2.5 concentrations in the UK 
are projected to decrease (as a result of reductions in exhaust emissions from 
vehicles and from reductions in the precursors of secondary PM2.5), PM2.5 from 
domestic wood burning and the contribution of non-exhaust (e.g. break wear, road 
wear and tyre wear) emissions from road vehicles are projected to increase. 
Primary emissions from wood burning contain a human carcinogenic (polycyclic 
aromatic hydrocarbons) and PM2.5 from non-exhaust has also been associated with 
adverse health effects (Amato et al., 2014). Identifying the most important sectors 
contributing to changes in future UK air pollutant concentrations following the RCPs 
or other future emission scenarios can have implications for future emissions 
control policies. In addition, increases in emissions from certain sectors could result 
in higher concentrations of more toxic pollutants such as elemental carbon (Section 
6.6.2). Thus an additional area of research is to focus on the contribution of 
individual sector emissions on simulated air pollutant concentrations and the 
corresponding health impacts following the RCPs or other future emission 
scenarios. 




6.6.4 The impact of local versus non-local emission sources 
 
In this thesis the emissions-driven impact on future pollutant concentrations and 
the subsequent health impacts are presented for the UK. However changes in 
emissions from outside the UK and their impact on UK health burdens are not 
considered. Additional sensitivity studies could be performed to analyse the impact 
of local versus non local emission sources on UK health impacts. European O3 
concentrations under RCP8.5 are suggested to be influenced by the transport of O3 
from outside Europe (Wild et al., 2012). Im et al. (2018) investigate the response of 
O3 concentrations in Europe to a 20% reduction of anthropogenic emissions and 
suggest a large contribution of non-European sources. However the opposite is 
found for PM2.5 and especially NO2 levels with a large contribution from local 
sources as a result of their shorter lifetime (Section 1.2.1 and 1.2.2). Thus the 
influence of non-local sources on UK health impacts would be an interesting 
addition to the work presented in Chapter 5.  
 
6.6.5 Climate-driven impacts on future UK health burdens 
 
In this thesis while the emissions-driven impact on pollutant concentrations in the 
UK for 2050 is estimated, the climate-driven impacts on pollutant concentrations in 
the UK following the RCPs in 2050 is not studied. In addition the combined climate 
and emission change effects on UK air quality for 2050 would provide additional 
insights into projected UK air quality in the future. In addition other time periods 
could be considered. Estimating the corresponding changes in mortality burdens 
could aid future policy making in terms of what climate mitigation and /or emission 
controls are most important. While studies focusing on the climate and/or 
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emissions change impact on future mortality burdens following the RCPs have been 
conducted, no similar study using the RCPs for the UK has been conducted. 
Additional sensitivity studies focusing on future mortality rates and future 
population projections such as those estimated from Integrated Futures (IF) and as 
used by Silva et al. (2016) for Europe or from the Office for National Statistics (ONS) 
for the UK (for future population projections) could also be included in further UK 
based future health estimates.  
 
 
6.6.6 Concluding remarks 
 
This thesis performs health impact assessments at different temporal scales using 
modelled pollutant concentrations from chemistry-climate or air quality models for 
present-day and future. First the influence of model horizontal resolution on the 
country-level long-term health impacts for O3 and PM2.5 in Europe are quantified. 
Next, it is shown that air pollution episodes that occurred in July 2006 have the 
potential to cause substantial health impacts on short-term O3 and PM2.5 related 
mortality in the UK that are up to 38% and 56% higher, respectively than those 
occurring in the absence of an air pollution episode. Finally the emissions-driven 
impact on future mortality burdens associated with long-term exposure to MDA8 
O3, NO2 and PM2.5 in the UK as well as the sensitivity to future projections is 
presented with implications for informing future emissions control strategies in the 
UK. Uncertainties and limitation as well as areas for further research are also 
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